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Nevertheless, because of the lack of sufficient experimental proof, because of the 
study of the mechamcal reflexes begun by Henng and Breuer (1868) and con- 
tinued by Gad (1880), Zimtz and Geppert (1888), Head (1889) and many others, 
and because of the very important work of Haldane and his school and of those 
previously mentioned on the effect of the gas content of the blood on the func- 
tions of the respiratory centers -which regulate the movements, no attention was 
paid to the penpheral chemical control of the respiration 
Starlmg stated m his Principles of Human Physiology (1915) “If we 
succeed m altenng the tensions of the two gases (oxygen and carbon dioxide) m 
the al\ eolar air we may assume that the tensions of the gases m the arterial blood 
lea-vmg the lungs are altered m the same ratio ” Through the action of chemo- 
receptors m the terimnal portions of the respiratory apparatus, the composition 
of the alveolar air and therefore of the gas content of the blood is adjusted "with 
the result that the ventilation would always be what the circumstances require 
Only high concentrations of carbon dioxide m the mspued air, which mcrease the 
ventilation enormously, are able to raise the concentration of carbon dioxide m 
the alveolar air appreciably The great speed of the responses, and the exacti- 
tude -with which compensation is produced, lead one to suppose that there are 
reflexes evoked by chemical excitation from the respiratory apparatus which 
would operate previous to any humoral influence 
The experiments of Haldane (1922) show that if air -with mcreasmg quantities 
of carbon dioxide is breathed, it is possible for the ventilation rate to be doubled 
with practically no change m the composition of the alveolar air Campbell, 
Douglas and Hobson (1914) observed that an mcrease of 2 6 mm Hg m the 
carbon dioxide tension is sufficient to bnng the ventilation to 10 hters per mmute 
These Observations have been confirmed repeatedly (Campbell, Douglas, Haldane 
and Hobson, 1913, Douglas and Harvard, 1932, Barcroft and Margana, 1931) 
Nor, on the other hand, does rarefaction of the an* change the gas content of 
the artenal blood appreciably, as has been known smce the work of FrSnkel and 
Geppert (1883) at a pressure of 410 mm Hg there is no change m the gas content 
of the blood, nevertheless the respiratory dynamics have been modified 
The results obtamed by Scott (1908) furnish very mterestmg data* without 
the vagi, -the control of the respiration is uncertam, Ihe reactions are slower and 
last longer after a carbon dioxide mixture has been breathed, and m general the 
adjustment of the respiration -to physiological requirements is mexact If the 
respiratory movements depended solely upon "the humoral influence on the 
centers, and the vagus ivere limited to the r61e of a sensory nerve for mechamcal 
receptors, there would not be such marked differences in the respiratory reactions 
to inspired carbon dioxide when the vagus is mtact and when it has been cut 
Our experiments designed to clarify this problem have been numerous and of 
vanous types 

At first we studied (1918) the behavior of the respiration m vagotomized dogs 
exposed to the same concentrations of carbon dioxide m air, before and after the 
operation Observations were made immediately after the section of the vagi 
or some hours later The differences -with resjiect to the normal were always 
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noteworthy on that they shoBcd lack of precision and delaj in motor reactions 
■when the vagal innervation was absent Our conclusions were 1 The con- 
stancy of the proportion of COi m the alveolar air contradicts the hypothesis that 
the respiratory gtnnulation is eioluaively of central ongm ei oked by the excess 
of COj or lack of Oi in the blood 2 The lung and the bronchial ramifications 
are sensitive to different chemical stimuli, which can evoke reflexes 3 In 
addition to the well known action on the respiratory centers, there is exerted a 
parallel or perhaps a previous peripheral influence due to the excitation of end 
organs which are sensitii e to stimuh of chemical nature by the COi contamed m 
the inspired air 

The followmg year m collaboration with Belhdo (1019-21) and as a more 
evident demonstration wo devised a crossed-clrculation techmque, otherwise 
known as the "dog with two heads.” The central stumps of the carotids and 
jugulars of the donor dog “A” are jomed to the cephaho stumps of the corre- 
spondmg vessels of “B,” the dog m which the experiment is performed. The 
vertebral artenes of the latter dog are also ligated, and the animnls are chosen so 
that “A” IS sufficiently larger than “B” and its carotid pressure higher, thus 
pfeventmg the bead of the recipient from receivmg its own blood throu^ the 
mtravertebral plexuses C Heymans and ladon m 1926 and J F and C 
Heymans m 1026 proposed a definitive method similar to ours except that they 
cut off the head of “B” (method of the isolated head) and record respiratory 
movements of the larynx and floor of the mouth With Puche (1930) we studied 
vanous ways of registering these movements with the purpose of improvmg the 
recording Isolation of the head assures that only the blood of the donor dog 
reaehes it, because it is connected to the trunk only by the vagi 

When the respiratory centers of "B” are perfused by either of the two pro- 
cedures with Bie blood of “A,” which is breathing normally or m some of the 
experiments is given artifioial respiration, and "B” or its trunk which has been 
separated from the head is made to breathe air with COi, an increase in the 
frequency and depth of respiration is observed. 

With Puche and RaventAs (1930) wo used also the techmque of the isolated 
head As m our first e.xpenraents of 1919 and succeedmg j ears, if after decapi- 
tatmg 'T3,” leavmg the head which is connected with the trunk only by way of 
the vagi, we caused the tnmk to breathe air with COi, the head responded with 
an mcreased intensity of the respiratory movements, despite the fact that it was 
bemg perfused with normal arterial blood from the donor dog “A.” 

The researches of J F and C Heymans (1926-28) showed that the head, 
besides respondmg to mechanical stimulation of the pulmonary lagal endings 
(Henng Breuer reflex), also responds to peripheral chemical stunuh A reflex 
apnea is produced by over ventilabon as described by Henng and Breuer (1808) 
and afterwards studied by Baghom (1903), Foa (1909-11), Githens and Meltior 
(1014), Joseph (1922), Puche (1923), Meek (1923) and others This apnea has 
been generally attributed to over-distention of the lungs, but Heymans and Hey- 
mans state that the major factor m produemg it is the penpheral sensitivity to 
the concentration of GOj in the blood Such a sensitivity was suggested by 
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Luciaru (1888) and Bordoru (1888) Anemia of the trunk with asphyxia of the 
tissues causes acceleration of breathmg, thus confirming the possible penpheral 
ongin of the dyspnea m addition to its central ongm, a thesis which had been 
proposed earher by Francois Franck (1890), Hoffmann (1900), Porter and New- 
burgh (1916-17) and Dunn (1920) Heymans and Heymans were able to 
demonstrate also the relation between the cardio-aortic pressure and the breath 
rhythm, and, a fact which mterests us particularly, respiratory responses to 
changes m the composition of the inspired air and m the gas content of the blood 
circulatmg through the heart and great vessels 

Heymans, Bouckaert and Regmers (1933) write “J F and C Heymans ob- 
served that mtense hyperventilation of the trunk of dog 'B’ causes reflex apnea 
of the isolated head of the same animal, on the other hand, progressive a^hyxia 
of the trunk by withholdmg artificial respiration or the admimstration of air with 
carbon dioxide, causes the reappearance of respiratory movements of the head 
followed by a progressive mcrease m their amphtude as the asphyxia becomes 
more severe ” Heymans and Heymans wrote m 1927 "These experiments 
taken together show that the vagi contnbute to the reflex regulation of the 
activity of the respiratory center accordmg to the penpheral respiratory and 
circulatory conditions The respiratory center can be excited m the same way 
by a penpheral state of asphyxia or anoxemia as by a central state ” Havmg 
demonstrated the existence of respiratory reflexes evoked by chemical stimuh 
Heymans and Heymans (1927) then set out to discover the penpheral ongm of 
the respuatory tone and of the vagal influence on the respiration For this 
purpose they performed vanous senes of experiments demonstratmg that the 
cardio-aortic mtraceptive zone is the place of ongm not only of circulatory re- 
flexes but of respiratory reflexes as well and that the stimuh can be chemical as 
well as mechamcal "The mtrapulmonary or humoral accumulation of carbon 
dioxide m the ttunk constitutes the vagal reflex stimulus of the respiratory center 
of the isolated head ” 

From their experiments Heymans and Heymans concluded that the respiratory 
reflexogemc zones which are affected by chemical stimuh are found m the central 
organs of the circulation, the heart and the aorta, and that the lungs have no 
specific excitabihty to carbon dioxide In our judgment this last proposition has 
not been confirmed In the first place it should be remembered that it is more or 
less asphyctic blood circulatmg through the lungs which is used as a stamulus and 
not the inspired air, which would affect the whole respiratory tree, from the nose 
to the pulmonary alveoh Thus it is rather the functions of a reflexogemc zone 
m the circulatory apparatus which are bemg mvestigated — ^the sensory innerva- 
tion of the pulmonary vessels stimidated by changes in the composition of the blood 
and not whether the respiratory pathways respond to the composition of the air 
Agam, the important operative mtervention, extirpation of the heart and great 
vessels, may suffice to put the animal m an unphysiological state, and one must 
reckon also with the possibUity that many sensory fibres of the pulmonary plex- 
uses which pass to the vagi may be damaged by the same operation All of this 
may damage or alter the vagal sensitivity and cause the vagotomc type of respira- 
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tion observed and the scarcely appreciable reaction to the cireulation of the 
hypercapnic blood It is inmhd to argue that the Hering Breuer reflex, which 
13 known to be very rough, is still present Anrep and Samaan (1933) have 
shown m denenation oxpemnenta that a very fen remaining fibres are sufficient 
to cause this reflex to persist 

After the demonstration by Heymans and Heymans of the existence of ouou 
latory reflexogemo lones mth chemo-receptora we decided to return to the sub 
jeet of puhnonarj sensitivity In new pubbcations with Puoho (1930) and with 
Ra\ entds (1931-33) we employed the techmque of the isolated head as usual, and 
m order to exclude all circulatory influence we bled the trunk “B” completely 
and rapidly by cutting the abdominal aorta until the heart stopped Thus all 
cuoulatory factors both mechamcal and ohcmioal are suppressed smce the blood 
no longer circulated It is certam that with this bleedmg the sensitivity of the 
lungs IS diminished, but this fact, which furnishes a vahd objection to negative 
mterpretations, is favorable the other way around, m the normal state the reflex 
nould logically be more mtense and more effective 

With the addition of COj m i arymg proportions to the air gomg mto the trunk, 
while identical mechamcal conditions of respiration are mamtamed, it is shown 
that e\ en in such unfavorable circumstances the inhalation of COj mten sifi es the 
movements of the isolated head which are already mcreased as a result of hemor 
rhage and subsequent asphyxia of the tissues 

We have tested also the response to the inhalation of irritant gases, hydrogen 
chloride and ammonia, and confirmed the observations made ivith Belhdo (1919) 

Heymans has (1929-33) raised the objection to the conclusions from these 
experiments that m the production of the reflexes observed it is not a speolfio 
sensitivity which is acting, but the general sensitivity to irritant agents “The 
results obtamod by Pi-Sufler and Belhdo," state Cordier and Heymans (1936) 
“are certainly due to the fact that these authors have administered by mbalation 
air with concentrations of COi which pass beyond physiological limits and oven 
beyond the pathological It is a question of phenomena of pharmacological 
order ” It is difficult to know w here a specific chemical excitation ends and 
where an imtant, nociceptive axcltation of chemical ongm begins, and where is 
located the boundary which separates physiology from pharmacology HCl and 
ISHtOH for example do not mcrease the depth and rate of respiration like COi, 
but they inhibit it or provoke abnormal reactions cough, spasm, etc Barcroft 
and Margaria (1932) observed that high concentrations of COj cause a oharao- 
teristic type of respiration, which is not a simple inoreaso but may be faster or 
slower dependmg upon the previous rate. After section of the irngi the breath- 
ing of high concentrations of COi m nir is usually followed by completely ab 
normal symptoms analogous to those observed by Lumsden (1923) upon section- 
ing the medulla at i-anous levels, and similar to those which Taylor (1930) 
observed after the administration of cyanide apneusis, gasps and finally paraly- 
sis Some of our positii e results have been obtained with mixtures of air and 
COi which are closer to the normal and m which it cannot be said that carbon 
dioxide acts as an imtant gas 
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The negative results of Partndge (1933), who attempted to record vagal 
action currents usmg inspired COj as a stunulus, have also been cited m opposi- 
tion to the theory of pulmonary chemical sensitivity This is a problem which 
we began to study with Belhdo m 1921 The electrovagograms which we ob- 
tamed then showed certam differences when the animal breathed carbon dioxide, 
but were not conclusive Our techmque at that time was deficient Adnan 
(1933) states that concentrations of COj m air higher than ten per cent cause a 
modification, a shght diminution m the mtensity of the impulses passmg m the 
vagus when the lung is distended, but that these effects are small and withm 
the linuts of possible experimental error Bullnng and Whittendge (1943-44) 
say that an mcrease m vagal electric discharge — smgle fibre preparation — occurs 
as soon as a volatile anesthetic — ethyl chlonde, chloroform, ether, divinyl ether, 
tnchlorethylene, etc — reaches the lung, whether it is administered by inhalation 
or mtravenously But it is not possible to state that the respiration of air with 
carbon dioxide m greater concentration than normal is accompamed by definite 
signs m the electrovagogram 

In a later senes of experiments (Pi-Sufier and Raventds, 1931) we have returned 
to the question, makmg the conditions of observation more ngorous even at the 
cost of srmphcity Usmg the method of the isolated head, we placed a cannula 
m the pulmonary artery and another m the left auncle of the trunk of "B ” All 
of the rest of the heart and the thoracic aorta were removed, care bemg taken to 
avoid damage insofar as possible to the nerve fibres which form the plexuses at 
the roots of the limgs and their vagal contmuation Defibnnated, oxygenated, 
blood was perfused through the lungs by means of a Dale Schuster pump Thus 
only the lungs and head of dog “B” remamed alive, connected by the vagi which 
had been cut below the heart After this procedure it is still possible to obtam 
respiratory responses to the inhalation of air with CO 3 It is evident that such 
reflexes cannot ongmate m the heart and aorta which are no longer present, and 
that they are due to the influence of the inspired carbon dioxide upon lungs 
which are perfused with blood of constant gas content 

Another senes of experiments recently completed (1938-42) consisted in 
denervatmg the heart and great vessels while leavmg the pulmonary innervation 
mtact insofar as possible Agam we used the techmque of the isolated head 
perfused with blood from a donor dog “A ” Relymg upon the anatomical 
findings of Lim (1893), Cannon, Lewis and Bntton (1926) and Barry (1935), we 
established a techmque of mtrathoracic denervation of the heart similar to that 
descnbed by Anrep and Samaan (1933) and Anrep, Pascual and Bossier (1932) 

With this procedure the breathmg of air with CO3 by the trunk gives rise to 
changes in the respuatory movements of the head N ow the responses to chemi- 
cal stimuh cannot arise m the heart and aorta which have been denervated, nor 
from the carotid smus which, as in all the experiments with the isolated head, 
remains m the head and is perfused by blood from the donor dog 

It IS important to mention the work of Dirken and Van Dishoeck (1937) who 
also demonstrated the sensitivity of the lung to changes m the concentration of 
COs m the alveolar air and concluded that the nerve endmgs present m the lungs 
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ore eeimtive lo changes tn the concmtralum of COt each ae are found normaUy tn 
obeolar air, i e , 6 to 6 per cent 

Dffken and Van Diehoeok consider furthonnore that the sensitivity of the 
pulmonary receptors is limited to COi because they did not note any difference 
in the reflex respiratory responses, when the proportions of oxygen and mtrogen 
were varied m the breathed gas rmxtures Bilateral section of the vagi abolished 
the reflex effects of changes of COi m the air 

After confirming the sensitivity to CX)i of pulmonary and bronchial chemo- 
receptors, the authors reach a paradoxical conclusion these receptors are not the 
instruments of the normal regulation of the respiratory movements They 
observed in some experiments that as the frequency of the mspirations mcreased 
their amplitude was reduced, and they inferred from this fact that the ventila- 
tion was not changed They doubt that the phenomena observed depend upon 
a direct sensitivity to carbon dioxide on the part of the pulmonary endmgs, 
attributmg them rather to changes m the excitability of the receptors for their 
natural physiological stimulus the collapse and the expansion of the lung evoking 
reflexes through mechanical stimuh However the fundamental fact is the 
existence of endmgs which are sensitive to changes m the concentrataon of CXDi 
m the alveolar and bronchial air and which influence the movements of 
respiration. 

Recently Hammouda, Samaan and Wilson (lff42-43) reaffirmed once agam that 
the fibres m the vagi which conduct the afferent impulses of the reflexes of infla- 
tion and deflation are of pulmonary ongm, and Bagoury and Samaan (I9A1) have 
studied respiratory reflexes by mjectmg ketone-bodies mto the pulmonary cuxmla- 
tlon. The authors prevented any possible central action of the blood, the vagal 
excitation arose from sensory endings of the hmgs These pulmonary endmgs 
would therefore be sensitive both to meohamcal and to chemical stimuh. 

Eppmger, Papp and Schwarti (1921) infer the mediation of pulmonary chemi 
cal sensitivity in studymg the mechanism of cardiac asthma, Dunn (1920) and 
Binger and Moore (1927) consider also local pulmonary influences when they 
attempt to interpret the hyperpnea of pulmonary embolism, and Churchill and 
Cope (1929) do likewise m considermg the dyspnea observed m pulmonary edema 
and which they attribute to the excitation of sensory endmgs m the lung 

Another important aspect is the debated mtervenbon of the lung m the main 
tenance of vagal tone Heymans and Heymans observe a disappearance of the 
respiratory tone, malntamed by the vagus, when the stimuh arismg in the heart 
and aorta are no longer present and only those ariring m the lungs remam 
Heymans and Heymans conclude that the lungs are not the site of origm of the 
centnpetal vagal impulses which maintain the physiological respiratory vagal 
tone and the reflex excitation and inhibition of the respiratory center in relation to 
respnatoiy and ouxmlatoiy mechanisms 

Our observations demonstrated that after bleedmg the trunk and therefore 
excludmg all oiroulatory influence either mechanical or chermcal, the normal 
rhythm of the respiratory moxements of the head continues It i* only after 
section of the vagi that respiration of the poet-mgotomc type appears This suggests 



6 


AtTQUST PI-SU1!}ER 


The negative results of Partndge (1933), who attempted to record vagal 
action currents usmg inspired COj as a stimulus, have also been cited m opposi- 
tion to the theory of pulmonary chemical sensitivity This is a problem which 
we began to study with Belhdo m 1921 The electrovagograms which we oh- 
tamed then showed certam differences when the anunal breathed carbon dioxide, 
but were not conclusive Our techmque at that time was deficient Adrian 
(1933) states that concentrations of COj m air higher than ten per cent cause a 
modification, a shght dimmution m the mtensity of the impulses passmg m the 
vagus when the lung is distended, but that these effects are small and withm 
the limits of possible experimental error BuUrmg and Whittendge (1943-44) 
say that an mcrease m vagal electnc discharge — smgle fibre preparation — occurs 
as soon as a volatile anesthetic — ethyl chlonde, chloroform, ether, divinyl ether, 
tnchlorethylene, etc — ^reaches the lung, whether it is administered by inhalation 
or mtravenously But it is not possible to state that the respiration of au with 
carbon dioxide m greater concentration than normal is accompamed by definite 
signs m the electrovagogram 

In a later senes of experiments (Pi-Sufier and Raventds, 1931) we have returned 
to the question, making the conditions of observation more ngorous even at the 
cost of simphcity Using the method of the isolated head, we placed a cannula 
m the puhnonaty artery and another m the left auncle of the trunk of “B ” All 
of the rest of the heart and the thoracic aorta were removed, care being taken to 
avoid damage insofar as possible to the nerve fibres which form the plexuses at 
the roots of the lungs and their vagal contmuation Defibnnated, oxygenated, 
blood was perfused through the lungs by means of a Dale Schuster pump Thus 
only the lungs and head of dog “B” remamed ahve, connected by the vagi which 
had been cut below the heart After this procedure it is still possible to obtain 
respiratory responses to the inhalation of air with COa It is evident that such 
reflexes cannot originate m the heart and aorta which are no longer present, and 
that they are due to the influence of the inspired carbon dioxide upon lungs 
which are perfused with blood of constant gas content 

Another senes of experiments recently completed (1938-42) consisted m 
denervatmg the heart and great vessels while leavmg the pulmonary innervation 
mtact insofar as possible Agam we used the techmque of the isolated head 
perfused with blood from a donor dog “A ” Relymg upon the anatomical 
findmgs of Lim (1893), Cannon, Lewis and Bntton (1926) and Barry ( 1935 ), we 
established a techmque of mtrathoracic denervation of the heart similar to 
descnbed by Anrep and Samaan (1933) and Anrep, Pascual and Bossier (1932) 

With this procedure the breathmg of air with COj by the trunk gives rise to 
changes m the respiratory movements of the head Now the responses to chemi- 
cal stimuh cannot arise m the heart and aorta which have been denervated, nor 
from the carotid smus which, as m all the experiments with the isolated heaa, 
remains m the head and is perfused by blood from the donor dog , 

It IS important to mention the work of Dirken and Van Dishoeck (193 ) 
also demonstrated the sensitivity of the lung to changes m the ° 

COj m the alveolar air and concluded that the nerve endmgs present m the iuag 
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are sensiitve to changes tn the eoncenlraium of COt such as are found normally tn 
alveolar atr, i e , 6 to 6 per cent 

Dirken and Van Diahoeok consider furthermoro that the sensitivity of the 
pulmonary receptors is limited to COi because they did not note any difference 
in the reflex respustory responses, when the proporbons of oxygen and nitrogen 
were varied m the breathed gas mixturea Bilateral section of the vagi abohshed 
the reflex effects of changes of COj In the air 

After confirmmg the sensitivity to COj of pulmonary and bronchial chemo- 
leceptors, the authors reach a paradoxical conclusion these receptors are not the 
instruments of the normal regulation of the respiratory movements They 
observed in some experiments that ns the freciuenoy of the inspirations increased 
their amplitude was reduced, and they inferred from this fact that the ventila- 
tion was not changed They doubt that the phenomena observed depend upon 
a direct sensitivity to carbon dioxide on the part of the pulmonary endings, 
attributing them rather to changes m the exoitabihty of the receptors for their 
natural physiological stimulus the collapse and the expansion of the lung evokmg 
reflexes throu^ mechamcal eUmuh However the fundamental fact is the 
existence of endmgs which are sensitive to changes in the concentration of COi 
m the alveolar and bronchial air and which influence the movements of 
respiration 

Recently Hammouda, Samaan and Wflson (1942-i3) reaffirmed once agam that 
the fibres m the vagi which conduct the afferent impulses of the reflexes of infla- 
tion and deflation are of pulmonary orlgm, and Bagouiy and Samaan (1941) have 
studied respiratory reflexes by injecting ketone-bodies mto the pulmonary circuln 
tion The authors prevented any posmble central action of the blood, the vagal 
excitation arose from sensory endmgs of the lungs These pulmonary endmgs 
would therefore be smisitive both to mechamcal and to chemical stimuli. 

Eppmger, Papp and Schwarts (1924) Infer the mediation of pulmonary chemi 
cal sensitivity m studymg the mechanism of cardiac asthma, Dunn (1920) and 
Bmger and Moore (1927) consider also local pulmonary influences when they 
attempt to mterpret the hyperpnea of pulmonaiy embolism, and Churchill and 
Cope (1929) do likewise in considering the dyspnea observed m pulmonary edema 
and which they attribute to the excitation of sensory endmgs m the lung 

Another important aspect is the debated intervention of the lung m the mam 
tenance of vagal tone Heymans and Heymans observe a disappearance of the 
respiratory tone, mamtamed by the vagus, when the stimuh arising m the heart 
and aorta are no longer present and only those ansing m the lungs remam 
Heymans and Heymans conclude that the lungs are not the site of ongm of the 
centripetal vagal impulses which momtam the physiological respiratory vagal 
tone and the reflex excitation and inhibition of the respiratory center m relation to 
respiratory and circulatory mechanisms 

Our observations demonstrated that alter bleeding the trunk and therefore 
excluding all cmmlatory mflucnce either mechamcal or chemical, the normal 
rhythm of the respiratory movements of the head continues It is only after 
sedum of the vagt that respiration of the post-vagolonic type appears This suggests 
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pulmonary chemical one We consider, however, that no mcompatibihty exists, 
that on the contrary, the effects of penpheral excitation of separate origin 
support each other functionally 

n It IS a well established fact that different sensory regions operate synergis- 
tically m the control of distmct vegetative functions In the case of the respira- 
tory and circulatory reflexes the sensory regions are vanous and do not iunder 
the fimction of one another but rather coordinate their regulatory influences 

Smce the early observations of Pagano (1900) and Sicfliano (1900) and the 
description by Hermg (1927-32) of the functions of the carotid smus, a number of 
authors have devoted themselves to this very important reflexogemc zone The 
smus IS concerned not only with the regulation of circulatory dynamics under the 
influence of changes m the blood pressure, but its action extends also to vanous 
functions, among these is the respiratory 

“Many chmcians,” wnte Heymans, Bouckaert and Eegmers (1933), “have 
called attention for some time to the fact that carotid compression elicits changes 
m respiration ” Tschermack (1866), Qumcke (1875), Sollmann and Brown 
(1912), Danielopolu, Asland, Marcou, Proca and Manescu (1927), Damelopolu, 
Manescu and Proca (1928), Wenckebach and Wmterberg (1927) proved that 
traction on the cephalic stump of the recently cut carotid awakes reflexes through 
mechamcal excitation of the smus Similar findmgs have smce been demon- 
strated repes^dly GoUwitzer-Meyer and Schulte (1931), Schmidt (1932), 
Wmder, Winder and Gesell (1933), Gemmill and Eeeves (1933) 

Moisejeff (1927) demonstrated that such effects ongmate m the smus Upon 
hgatmg the vessels which arise from the bifurcation of the carotid and perfusmg 
the smus he found inhibition of the respiratory movements when the pressure of 
the perfusmg flmd mcreased C Heymans (1929) and Heymans and Bouckaert 
(1929-30) have confirmed these results Afferent nerve impulses arise m the 
carotid smus as a result of mechamcal excitation and mtervene m the process of 
regulation of the respiratory d3aiamics just as m the case of the circulatory 
Houssay and Onas (1934) have studied the effects of excitation of the smus on the 
contraction of the smooth muscle of the bronchioles and have observed mcon- 
stant reflex effects 

But not only do the mechamcal conditions of the circulation influence*the 
respuation through carotid and aortic body reflexes The composttion of the 
blood ts equally effective, particularly the content of COj and oxygen 

Heymans, Bouckaert and Dautrebande (1930-31-32) usmg the previously 
described technique of Moisejeff, discovered that acapma of the blood produces 
reflex mhibition of the respiratory center while blood with an excess of COa 
stimulates the center Accordmg to Heymans, Bouckaert and Regmers (1933) 
the most effective chemical stunuh for the carotid body are hypercapnia, anox- 
emia and mcreased concentration of hydrogen ions There immediate y 
appeared numerous confirmations Owen and Gesell (1931), Schmidt (193 ), 
Selladurai and Wnght (1932), Bemthal (1934), Heymans, Bouckaert and Samaan 
(1935), Gayet, Bennab and Qmvy (1935), Samaan and Stella (1935), Zottenm^ 
(1935), etc Shght cMnges m the composition of the blood passmg through e 
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carohd sinus give rise to vigorous circulatory and respiratory responses Hdl 
and Flaok (1908), Piras (1922), Frey (1923) and Hess (1931) did not believe that 
the respiration could bo influenced normally in reflex fashion by a greater or 
lesser chncentration of GOi in the blood Henng (1932) and Mies (1932) discuss 
the chemical sensitivity of the carotid bodj , Gollmtier Meyer and Schulte (1931) 
and Gollwitier Meyer (1934) the specificity of the sensitinty to COj Such a 
TTiBM of confirmatory results was so gathered together that there is no possible 
doubt 

Anatomical mvestigation has also been here of great value De Castro (1920- 
28) began the studies by descnbmg a complex system of receptors m the carotid 
smUB He explored immediately the oarobd body or glomus at the bifurcation 
of the carotids m anatomical contmulty with the smus It is a small organ 
which has the appearance of an endocnne gland, possesses certainly an mtense 
metabolism and among its cells is distributed a profuse net of nerve endmgs 
Sunder-PIassmann (19M) furnishes mtercstmg data and Heymans, Bouckaert 
and Regniets (1933) gl\ e m their turn a description of the region Ask Upmark 
(1936) has studied the comparatiie anatomy of the emus m to enty-seien species 
of animals Nomdei (1935-30) and Boyd (1937) have found glomerular tissue 
m other vaso-sensory regions prmcipally m the aorta (Pemtschka, 1931) — 
"Glomus aorfacum" — and m the vlcimtj of the pulmonary artery — "glomus 
pulmonale ” There am other analogous cellular formations, e,g , the coccygeal 
body And perhaps one might refer to this group of small organs the groups of 
cells attached to or near the peripheral vessels described by Goormaghtigh (1936) 
which he considers to belong to the neuro-vcgetative system The glomera are 
probably a part of the chromaffin system even though their cells do not usually 
show the characteristic protoplasmic granules which are stamed by chromates 
The glomera seem to respond especially to chemical stimuh, above all those 
which are found in asphyxia anoxemia, hypercapnia, acidosis 

In 1931 Heymans, Bouckaert and Dautrebande observed that hgaturo of the 
nerve fibres ansmg m the carotid smus prevents reflex adaptation to changes m 
the pressure of the blood contamed m the sinus but does not abolish the reflexes 
ehoited by chemical stimuh And reciprocally accordmg to Heymans and 
Bouckaert (1932) it is possible to inactivate the chemo-receptors by producing 
emboh mth lycopodium powder m the vessels of the glomus while preservmg the 
sensitivitj to pressure Golhntier Meyer and Schulte (1931) and GoUwitzer- 
Meyer (1934) observed that lobehne exerts its action, which is identical with 
that of anoxemia, only when it reaches the carotid body Damelopolu, Asland 
and Mareou (1933) also separate the location of presso-receptore of the smus and 
chemo-receptors which are m the carotid bodies Camus, Bernard and Merklen 
(1934) brought new confirmation by cutting the fibres from the presso-receptors, 
and Comtoe and Schmidt (1938) conclude that the receptors for pressure are 
found particularly if not exclusively m tho carotid emus itself, while the chemo- 
receptors are at the ongm of tho occipital artery near the carotid body and 
probably m the carotid body itself 

The study of the electncal variations produced m ths nerve of Henng due to 
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the functional state of the carotid sinus has given data which demonstrate also 
the topographical separation of the receptors Bronk and Stella (1932) observed 
that action currents m the nerve result not only from distention of the smus by 
increase m the blood pressure, but can be produced also by other kmds of stimula- 
tion Heymans and Rijlant (1933) showed the presence of impulses m the same 
nerve which bore no relation to the pressure m the smus and were dependent on 
the state of ventilation of the animal when the ventilation is poor the discharges 
are more mtense, the excitation which sets up the impulses is not mechamcal but 
chemical dependmg upon the gas content of the blood Bogue and Stella (1934- 
36), Zottennann (1935), Euler, Liljestrand and Zottermann (1939) confirm these 
observations m experiments on cats and suppose that the startmg pomt of the 
impulses IS the carotid body Bronk and Stella (1934) confirm the mdependence 
of the chemo-receptors and the presso-receptors Samaan and Stella (1935) have 
studied the influence of changes m the composition of the blood on the action cur- 
rents m the nerve from the carotid body and have shown that these currents 
cease when the tension of carbon dioxide m the blood is reduced below 32-36 mm 
Hg The physiological tension of carbon dioxide m the arterial blood will 
mamtam therefore a tome excitation of the carotid chemo-receptors and through 
them of the respiratory centers as has been shown by Selladurai and Wnght 
(1932) and by Witt, ICatz and Kohn (1934) Euler, Ldjestrand and Zotter- 
maim (1939) agree with the earlier conclusions but consider that the physiological 
tension of oxygen is equally as effective as that of carbon dioxide 

In the aorta the two types of receptors, mechamcal and chemical, are likewise 
found separated from one another Comroe (1939) has studied the aortic chemo- 
receptors and particularly the aortic body which is similar to the carotid body, 
and has established that the bodies are m both cases the pomt of ongm of circula- 
tory and respiratory responses to anoxia, m the dog the aortic receptors are said 
to ehert reflexes which are predominantly circulatory while the carotid body is 
the prmcipal pomt of ongm of respiratory reflexes There are nevertheless 
mdmdual differences, and m the cat the functional specialization does not seem 
to be so clear Gellhom and Lambert (1939) beheve that the circulation is 
regulated by the presso-receptors while the respiration depends pnncipally on 
the chemo-receptors 

m With the demonstration of the chemical sensitivity of the vanous vascular 
zones, the most important of which are the carotid smus and the aorta, it was 
logical to study the physiological significance of this sensitivity m comparison 
with that of the respiratory centers “Central cheimcal control,” wnt^ Gesell 
(1939) “which had been accepted on faith, was not on the defensive In the 
confusion, many adopted new faiths which earned them too far, for luck was wi 
the majonty This they do with the same enthusiasm as their predecessors w o 
thought that the respiratory regulation and also the circulatory was came ou 
exclusively by the state of the blood supplymg the centers ” Schmidt an om 
roe (1941) state 'Tor many years the physico-chemical aspects o i^pira ry 
control were dominant, but durmg the past decade the reflex factor gro 
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steadily m stature until, in our opinion, the tune has come to reverse the tradi- 
tipnal attitude” 

In making a comparison between the central and the peripheral effect of the 
ohemo-receptors Heymans considered that, at least m the case of anoxemia, the 
effect of excitation of the smus takes precedence over that of the centers m the 
control of the movements of respiration Hoymans, Bouokaort and Dautrebande 
(1930) observed that as a result of denervation of the mso-sensoiy tones, only a 
moderate acceleration of the rate of respiration and a slight mcrease m the blood 
pressure is produced when the dog breathes mtrogen without oxygen, instead of 
the response of violent hyperpnea and extreme hypertension by the normal 
animal 

A number of mvestigatora have obtamed similar results Selladurai and 
"Wnght (1032), Witt, Kati and Kohn (1934), Euler and Liljestrand (1036), 
Euler (1038), and Gesell and Lapides (1038) observed that m general respiration 
IS depressed after simple denervation of the carotid smus Schmidt (1932) and 
GemmiU and Reeves (1933), studying the munedlate effects of,denervation of the 
smus, had shown that anoxia does not produce an mcrease in the pulmonary 
ventilation, but rather a decrease Schmidt and Comroe (1940-41) and Moyer 
and Beecher (1942) agree m the statement that hypooda moreases the respuation 
of animals whose vaso-sensitive sones have been deafferented Nevertheless 
tiiese animals have gone through a long penod of depression Watt, Dumke and 
Comroe (1943) assert also that anoxia produces stimulation of the vaso-ohemo- 
receptors while it leads pnmanly to depression of the centers In eipenmenta 
m which the denervation had been earned out previously, performed when the 
animal had recovered from the operation (“chronic” oxpenmonte), Gemmill, 
Geihng and Reeves (1934) observed a shght excitation produced by anoxia, but 
only when it was not excesrfvo Wnght (1934) m "acute” expenmonts on 
anesthetued rabbits and later m ohronio experiments confirms the respiratory 
depression caused by anoxia after carotid denervation Smyth (1936-37^ states 
that this depression is considerable and, moreover, anoxia reduced the intensity 
of the response to COj in denervated animalB In the rabbit Stella (1036) does 
not find significant effects of denervation the respuation may decrease m depth 
but mcrease m rate Schmidt, Dumke and Dnpps (1939-40) have blocked the 
smus nerves with procaine and observed scarcely any change from the normal 
respiration 

Wn^t (1936) remarks that after denervation of the sinus and bilateral section 
of the vagi, oxygen-lack does not produce hyperpnea After the sensory nerves 
of the carotid smus and the aorta have been removed Wnght finds that severe 
anoxemia in ancsthetiied cats instead of causmg respiratory activation produces a 
reduction m the ventilation The changes m the respiratory gases in the blood 
are greater m the operated animals than m the normal He concludes that up to 
a certam pomt the ■v'ascular receptors m the carotid bodj and the cardio-aortio 
area protect the centers from chemical influences “m loco ” 

Schmidt (1932), Beyne, Gautrelot and Halpem (1933), Winder (1933), 
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Mulinos (1934), Henderson and Greenberg (1934), Wnght (1934r-36-38) 
Gayet, Bennati and Qiuvy (1935), Brewer (1937), Gesell and Moyer (1937), 
Smyth (1937), Comroe and Schmidt (1938), Gellhom and Lambert (1939), etc , 
agree that anoxemia is the most effective stimulus for the vascular chemo- 
receptors, particularly of the carotid body 

Bemthal (1938) by perfusmg the isolated carotid smuses with blood of fixed 
pH and varymg the concentration of oxygen, observed that 18 per cent oxygen 
causes at the most a moderate vaso-dilatation and hypopnea, while 15 per cent 
oxygen gives rise to vaso-constnction and hyperpnea an effect mtensified when 
the proportion of oxygen is reduced to 12 8 per cent A drop to an oxygen ten- 
sion of 10 mm Hg causes a marked mcrease m vaso-constnction and respiratory 
rate 

In spite of these facts, Cromer and Ivy (1931) noted that dogs from which the 
carotid smuses had been removed aseptically, work m the treadmill witLout 
greater effort than normal dogs and do not show any respiratory disturbances 
It should be noted however that m these dogs the cardio-aortic receptors remamtHi 
mtact Dechameux (1934) also observed adequate respiratory responses afte 
denervation of the smus Dautrebande (1937) stated that dogs with complete 
deafferentation of the smus and aorta respond to low atmosphenc pressures m 
the same regular and adequate fashion as do normal dogs Gesell (1939) cites 
cases of hyperpnea m response to anoxemia after denervation of the smus 

It has long been known that the cyamdes and sulfides inhibit oxidative pro- 
cesses m the organism The mechanism of action of cyamdes is well-known 
Cyamde inhibits cellular oxidations by combimng with cytochrome oxidase 
Sulfides act m the same manner A H-Sufier and J Pf-Suner (1928-29) aflhm 
that to the extent that the cyamdes impede the processes of oxidation, m par- 
ticular of glucose and fat, they evoke trophic reflexes which produce hypergly- 
cemia and hyperhpemia 

Haggard and Henderson (1922) have studied the effects on the respiratory 
movements of sodium sulfide mjected mtravenously Heymans and Heymans 
(1927) and Heymans, Bouckaert and Dautrebande (1930) showed, and it was 
qmckly confirmed by Oven and Gesell (1931), that the mjection of sulfide or 
cyamde mto the carotid smus causes very mtense respiratory responses Wmder 
and Wmder (1933) exammed the action of the sulfides and called attention once 
more to the strong respiratory reflex effect ehcited from the chemo-receptors of 
the carotid body Denervation of the smus modifies the response doses which 
were previously extremely effective evoke, after denervation, a very different 
tsqie of response of shght intensity In all cases the reactions to stimulation of 
the smus are more mtense than those obtamed by duect apphcation to the 
centers Wmder, Wmder and Gesell (1933) required quantities 25 to 75 tunes 
as great after denervation of the smus to produce occasional respiratory effects 
Wmder’s (1937) statement that monoiodo acetic acid acts upon the carotid body 
m a similar way as cyamdes and sulfides is not in agreement with the general 
opimon that the first is an inhibitor of sulfhydryl enzjmes while cyamde inhibits 
cytochrome oxidase 
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These dnlga also act upon the respiratory contors Winder, Winder and Ge- 
sell (1933) applied cyanide directly to the fourth ventnolo but noted that the 
respiratory movements were simulated only by larger doses than those re- 
quired on the emus, further mcrease m the doses caused difficulty of respiration 
which finally ceased Injection of sulfides and oyamdes mto vertebral artery 
requires larger doses in order to alter the respuatory movementa than are re- 
quired with mjection mto the sinua 

Another factor which should bo kept in nund in conadermg the action of 
oyamde or sulfide is the rile of the vagus According to Haggard and Hender- 
son (1922) the respiratory effects m these cases are due to the acUon of the drugs 
on the vagal endmgs of the lung, m view of the differences in the responses de- 
pendmg on whether one is deahng with mtect or with vagotomiied animals 

Wmder (1937), Bernthal and Weeks (1939) arrived at the conclusion that 
ohanges m pH in the blood and m the sensitdve cells are a prune factor m normal 
carotid body stimulation, and Von Euler, Liljestrand and Zottermarm (1939-41) 
confirm that mtracellnlar acidity m the carotid body is moreased during anona 

Dnppa and Comroe (1944) divide the drugs that affect the sensibihty of the 
carotid body m two groups those that, liko cyanides and sulfides, produce effects 
by inhibiting intracellular respiratory ensymes, and those which, like lobehne, 
are synaptotropio and consequently affect the transmission of afferent impulses 
Holhnahead and Sawyer (1946) conclude from the above facta that a chemical 
agent mediates m the excitation of the carotid body They suggest that this 
agent would not be acetylcholine 

Not only are there differences m mtensity between the reffex effects of anoxemia 
and those of central ongm, but there are also differences in the sjieed of the 
response This is shown by the frequently cited observations of Hoymans, 
Bouokaert and Dautrebande (1930), of Gemmill, Geilmg and Reeves (1934), and 
of Henderson and Greenberg (1934) These authors observed that the respira 
tion IB not moreased during the first 4 to 60 seconds of asphyxia due to oxygen 
lack produced by breathmg pure mtrogen after denervation of the carotid smus, 
but that if the asphyxia is contmued the hjTperpneio reaction appears m the sec- 
ond mmute. Carbon dioxide contamed m the blood also stimulates the vascular 
chemo-receptors In this case however no dominance of the cherao-receptors 
over the centers is observed Heyroans, Bouckaert and Dautrebande (1930) 
were able to show that the respuatory response to the breathmg of au with COi 
IS produced in the same manner after denervation of the carotid smus as m the 
normal state Gemmill and Reeves (1933), Stella (1936), Wnght (1934-30), 
Gesell and Moyer (1937) demonstrated also mtensa respiratory reactions to COj 
after denervation On the contrary BeHadurai and Wnght (1932), Schmidt 
(1932), Green and De Groat (1935), Euler and Liljestrand (1936) observed that 
■with denervation the responses to COi , like those to anoxemia, are reduced 
although ne'ver to such a great extent 

It IS probable that the differences m the results are due to various factors, the 
sjieoies of animal and the anesthesia Marshall and Rosenfeld (1937) , Comroe 
and Schmidt (1938) , Schmidt and Comroe (1940) behove that the reflexes play a 
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more important part m anesthetized animals than m those m the normal state 
precisely because of the effect of the anesthetic on the centers And they add 
(1941) “We did not beheve that chemo-receptor reflexes are an important factor 
m mamtainmg eupneic respiration or m bnngmg about the respiratory response 
to carbon dioxide under ordinary conditions ” They beheve that respiratory 
centers are more sensible to carbon dioxide than chemo-receptors are 
Glayet, Bennati and Qmvy (1935) found mtense hyperpnea when the carotid 
smus was perfused -with equal parts of blood and Locke’s solution and the COa 
tension was mcreased m the perfusion flmd, but they consider that the effect of 
COa on the centers is stronger than on the chemo-receptors Bemthal (1938) 
and Comxoe and Schnudt (1938) state that the reflex effects of the concentration 
of COa m the blood are less marked, less constant and less well mamtamed than 
those produced by anoxemia Schmidt, Comroe and Dnpps (1939) affirm that 
the threshold of carotid sensitivity to COa is relatively high and always above the 
threshold of the centers, at least m vagotomized dogs under hght anesthesia 
Schmidt, Dumke and Dnpps (1939-40) confirm this findmg, Comroe (1939) 
pomts out the existence of marked mdividual differences m this respect 
Heymans, Bouckaert and Regmers (1933), Gesell (1939) and Schmidt, Comroe 
and Dnpps (1939) agree that great mcreases m the concentration of hydrogen 
ions m the blood stimulate the chemo-receptors as strongly as anoxia and more 
than hypercapnia Boycott and Haldane (1908) attnbuted the hyperpnea of 
anoxemia to an accumulation of lactic acid m the centers Wmder, Bemthal 
and Weeks (1938) observed an mcrease m the respiratory movements when the 
vessels supplymg the'carotid body were hgated, and after removal of the hgature 
the hyperpnea and the hypertension disappeared 

Bemthal (1938) perfused the carotid smus and concluded that m the normal 
state the carotid chemo-receptors are the ongm of tome vasoconstrictor and 
respiratory reflexes of great sensitivity which are controlled by the tensions of 
oxygen and carbon dioxide m the blood After this Bemthal and Weeks (1939) 
shov ed that coohng the blood perfusmg the smus depresses the respiratory and 
vascular reflexes while warmmg the blood mcreases them, they attribute these 
effects to variations m the acid-base equihbnum of the receptors related to their 
metabolism Stadie, Austm and Robison (1927) have already demonstrated the 
mcrease m acidity in the tissues as a result of warmmg 

Schmidt, Comroe and Dnpps (1939), and Schmidt, Dumke and Dnpps (1939— 
40) have repeated the experiments of Bemthal usmg a salme perfusion flmd 
instead of blood, and carefully determmmg the concentration of COj and Oa as 
well as the pH of the solution They confirm the results of Bemthal and Weeks 
but they attnbute the effects of the temperature changes to modifications m the 
gas content of the blood Wmder ( 1942) perfused the carotid smus with heparm- 
ized blood m Locke’s solution which earned COa and O 2 m different concentra- 
tions The effects of hypoxia and of hypercapma are similar The chemo- 
receptors are considered as one of several probable sites for mutual facihtation of 
hypoxia and hypercapma actmg as stimuli of respiration Marshall and Rosen- 
feld (1937) obtamed prolonged excitation of the smo-aortic receptors upon m- 
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jectmg pyruvic acid oyanohydrm, probably due to slop, prolonged Jiberatiou of 
cyanide 

The most effective agent for the excitation of the centers and of the chemo- 
receptors , as GescU has mamtamed smce 1926, would bo a change m the conoen 
tration of hydrogen ions m the neurones themselves phen the mtomal environ- 
ment, the blood or mterstitial fluid, becomes acid or particularly P'hen changes in 
the metabolism flood the neurones with acid metabolites Warming, ischemia of 
the sinus or local poisonmg path cyamdes or sulfides all act in this way Winder 
(1942) agrees that mtraceliular concentration of hydrogen ions is a factor m the 
control of chemo-receptor activity Gesell, Krueger, Gorham and Bemthal 
(1930) examined some time ago the circumstances which can change the con 
centratdon of hydrogen ions m the tissues m relation to the insufficient supply 
of oxygen and the state of their metabolism They suggest that unpaired oxida 
turn leads to mcreased acidity and that the reverse may also be true 

Bemthal (1938) has shown that anona, cyamde, hypercapnia and laotic acid 
cause reflex peripheral vasoconstnction throu^ their local action on the carotid 
body, and the vascular reactions are accompamed by respiratory reactions 
There is an exact correspondence between the activity of the chemo-reoeptors 
and their acidity Nevertheless the respiratory effects of changes of the hydro- 
gen ion concentration in the carotid body should not make us overlook the 
sensibihty of the respiratory centers to these changes Moyer and Beecher 
(1942) assert tiiat decreased oxidations withm the center constitute an im 
portant factor of respiratory adjustmants due to changes m the central pH 
This was confirmed by Comroe (1943) He applied upon the respiratory med 
uUary center minute amounts of COi-bicarbonate mixtures and observed 
marked respiratory responses according to the pH of the mixtures Garcia Banils, 
Gorman, Perlo and Popkin (1944) found that m anesthetixed dogs dopnved of 
their chemo-receptor reflexes by the denervation of the carotid smus and section 
of both vagi nerves, the respiratory compensation by the centers may bo efficient 
enough to mamtam the pH of arterial blood constant at least within 0 01 even 
if changes of Oi and COj tension occur m the inspired air 

Gesell (1939) shows that changes m pH m the nerve cells aotm the same sense 
and in the same way in the respiratory centere and m the chamo-receptors both 
are sensitive to carbon dioxide and to oxygen lack and hence to externally 
caused variations m the hydrogen ion concentration, but they are speoaBy 
sensitiva to variations m hydrogen ion concentration of mtemal origin brought 
about by the cellular metabolism As a result of this central and penpheral sensi 
tmty to hydrogen ion concentration, an adjustment is established between the 
nutritive reqmrements, the respiration and the circulation. 

A charactenstio example of these mechanisms of co-ordination is what Hess 
(1917) has called the “nutritive reflex” which has local and general vascular 
effects, ns Fleisch (1938) and Rem (1938) among others have proved. It is 
known that any increase m metabolic activity raises the cardiac output The 
most effective of the stunuh which give nse to these reflexes of nutntive ongm is 
the acidity of actii e tissues 
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more important part m anesthetized animals than m those m the normal state 
precisely because of the effect of the anesthetic on the centers And they add 
(1941) “We did not beheve that chemo-receptor reflexes are an important factor 
m mamtaimng eupneic respiration or m bnngmg about the respiratory response 
to carbon dioxide under ordinary conditions ” They beheve that respuatory 
centers are more sensible to carbon dioxide than chemo-receptors are 
Grayet, Bennati and Quivy (1935) found mtense hyperpnea when the carotid 
smus was perfused with equal parts of blood and Locke’s solution and the COj 
tension was mcreased m the perfusion fluid, but they consider that the effect of 
CO 2 on the centers is stronger than on the chemo-receptors Bemthal (1938) 
and CJomroe and Schmidt (1938) state that the reflex effects of the concentration 
of CO 2 m the blood are less marked, less constant and less well mamtamed than 
those produced by anoxemia Schmidt, Comroe and Dnpps (1939) aflhm that 
the threshold of carotid sensitivity to CO 2 is relatively high and always above the 
threshold of the centers, at least m vagotomized dogs under hght anesthesia 
Schmidt, Dumke and Dnpps (1939-40) confirm this finding, Comroe (1939) 
pomts out the existence of marked mdividual differences m this respect 
Heymans, Bouckaert and Regmers (1933), Gesell (1939) and Schnudt, Comroe 
and Dnpps (1939) agree that great mcreases m the concentration of hydrogen 
10 ns m the blood stimulate the chemo-receptors as strongly as anoxia and more 
than hypercapnia Boycott and Haldane (1908) attnbutedthe hyperpnea of 
anoxenua to an accumulation of lactic acid m the centers Wmder, Bemthal 
and Weeks (1938) observed an mcrease m the respiratory movements when the 
vessels supplying the carotid body were hgated, and after removal of the hgature 
the hyperpnea and the hypertension disappeared 
Bemthal (1938) perfused the carotid smus and concluded that m the normal 
state the carotid chemo-receptors are the ongm of tome vasoconstnetor and 
respiratoiy’’ reflexes of great sensitivity which are controlled by the tensions of 
oxygen and carbon dioxide m the blood After this Bemthal and Weeks (1939) 
shov ed that coohng the blood perfusmg the smus depresses the respiratory and 
vascular reflexes while varmmg the blood mcreases them, they attnbute these 
effects to variations m the acid-base equilibrium of the receptors related to their 
metabolism Stadie, Austm and Robison (1927) have already demonstrated the 
mcrease m acidity m the tissues as a result of warmmg 
Schmidt, Comroe and Dnpps (1939), and Schmidt, Dumke and Dnpps (1939- 
40) have repeated the experiments of Bemthal usmg a sahne perfusion flmd 
instead of blood, and carefully detenmnmg the concentration of CO 2 and O 2 as 
well as the pH of the solution They confirm the results of Bemthal and Weeks 
but they attribute the effects of the temperature changes to modifications m the 
gas content of the blood Wmder (1942) perfused thecarotid smus with hepann- 
ized blood m Locke’s solution which earned COi and O 2 m different concentra 
tions The effects of hypoxia and of hypercapma are similar The chemo 
receptors are considered as one of several probable sites for mutual facihtation 0 
hypoxia and hypercapma actmg as stunuh of respiration Marshall and n 
feld (1937) obtamed prolonged excitation of the smo-aortic receptors upon m 
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Jccting pyruvio acid oyaiioliydrm, probably duo to slow, prolonged Jibcmtion of 
cyanide 

Tho most cllcotlvo agent for the oxoitation of tho centers and of the chemo- 
rocoptors , ns GosoU lias mnlntainod since 1026, would bo a oliango in the concen 
tratlon of hydrogen ions in tho nouronos thomselvcs when tho internal environ 
mont, tho bioorl or mterstilial fluid, Ixscomos aoid or particularly when cliangos in 
tho motabolism flood tho neurones with acid motnbohtcs Warmmg, isohcraia of 
tho sinus or local poisoning w 1th cyanides or sulfides all not m this way Winder 
(1W2) agrees tlint intracellular oonccntmtlon of hydrogen ions is a factor m tho 
control of chemo receptor activity Oosoll, lOucgor, Gorham and Bcmthal 
(1030) axamincd some time ago tho clroumstances whioli can change tho con 
contratlon of hydrogen ions in tho tissues m relation to tho Insufliciont supply 
of oxygon and tho state of tholr motabolism They suggest tlint impaired oxida 
tlon leads to Increased acidity and that tho ro\ orso may also bo true 

Bornthal (1038) luis slioivn tlmt anoxia, cyanide, hypcrcapnm and lactic acid 
cause reflex ponphoral vasoconstnotlon through their local action on tho carotid 
body, and tho vascular reactions are accompanied by respuatory reactions 
Tlioro is an exact oorrospondonco between tho activity of tho chomo-roooptors 
and their acidity Novortholoss tlio respiratory offcots of changes of tho hydro- 
gen ion concentration in tho carotid body should not make us overlook tho 
Bonsibllity of tlio respiratory cantors to these changes Moyor and Bccohor 
(10-12) assort tlint dooraased oxidations within tho center constiUito an ira 
portant factor of respiratory adjustments duo to oliangcs m tho central pH 
This was confirmed by Comroo (1(M3) Uo applied upon tho rcspirntoty mod 
ullary center mlnulo amounts of COr-bicarbonato mixluros and obsorvod 
marked respiratory rosiKmBcs aooordlng to tlio pll of tlio mixtures Garcia Bands, 
Gorman, Porlo and Popkin (1041) found that in anostbolUod dogs deprived of 
tliolr ohomo-reooptor rofloxcs by the denervation of the carotid sinus and section 
of botli vagi non cs, tho rcsplratoty oomponsation by tho centers may bo effioient 
onougli to mamtnln tho pH of arterial blood constant at least within 0 01 oven 
if cliangos of Oi and COi tension oemu- In tho insinrod air 

Gosoll (1030) shows tlint changes in pH In tho norvo cells notin tho same sonso 
and in tho same way in tlio respiratory centers and m tho olicmo rocoptore both 
are sonsitlvo to carbon dioxide and to oxygen lack and honco to externally 
caused variations in tho hydrogen ion ooncentration, but they are spoomlly 
sonaitiv o to variations in hydrogen ion oonoontration of internal origin brought 
about by tho cellular metabolism Aa a result of this central and ponphoral scnsi 
tlvlty to hydrogen ion oonoontration, an ndjustmont is cstablishod botwoon tho 
nutntlvo rertuiromonts, tho respiration and tho circulation 

A oimmotcristio example of these mcohantsms of oo-ordlnntion is what Hess 
(1017) has oallcd tho “nutritive roflox” which has local and gonoral vnsoular 
offccts, IIS Floisoh (1038) and Iloin (1038) among others havo proved It is 
known tliat any incronso in motaboUo aotlvlly raises the cardiac output Tho 
mail olTcctivo of t ho stimuli w lilch gl\ o rise to these reflexes of nutntb o origm is 
the acidity of notii o tissues 



18 


ATJQUBT Pl-StrRER 


Besides, as Gibbs, Gibbs, Lenox and Nuns (1943) wrote, COi improves the oxy- 
genation of the tissues when the Oj tension in air is low, which enhances the un- 
portance of hydrogen ion concentration m cells and m fluids, assunng fine 
respiratory adjustments from centers to tissues 

Nielsen (1936) suggests m opposition to the idea that the ordmary stimulus of 
the chemo-receptor centers is the mcreased local acidity, that carbon dioxide 
acts by virtue of specific properties and not because it is an acid CO* is said to 
be the normal stimulus for the respiration a chemical stimulus produced without 
mterruption m the organism, the prmcipal functional mediator m mamtaimng 
the physiological tone of the most diverse functions, especially the circulation 
and the respiration 

IV As a result of the simultaneous action on the centers and on the chemo- 
receptors and as a result of the differences m excitabihty of centers and receptors 
dependmg upon the chemical stimuh actmg upon them, various explanations 
have been developed for the adaptation of the respiration to the changing physio- 
logical needs It is a difficult problem and m certain respects, as it often happens, 
an imaginary one The opimons of authors differ m attributing preponderance 
to the penpheral factors or to the central ones m each case and greater or less 
physiological significance to the one or the other 

Haldane and Pnestley (1936) pomt out the exquisite sensitivity of the respira- 
tory centers to COa , winch has long been known Jongbloed (1936) schematizes 
the respiratory control statmg that carbon dioxide excites the centers directly, 
while low tensions of oxygen cause tome excitation of the chemo-receptors, par- 
ticularly those of the smus, from which impulses amvmg at the centers sensitize 
them by lowenng their functional threshold Nielsen (1936), Henderson (1938) 
consider similarly that variations m oxygen to the pomt of anoxemia control the 
central activity which is set m motion by the presence of COa m the blood The 
tension of oxygen present affects the local action of COa m the respiratoiy 
centers 

Accordmg to Bemthal (1938) the sensitivity of the carotid body to COa is 
more variable than its sensitivity to oxygen, and decreases m the presence of an 
excess of oxygen The normal tension of COa m the blood exerts a tome action 
on the function of the respiratory and circulatory centers by way of the chemo- 
receptors Schmidt (1932) stated that the participation of the reflexes from the 
smus m mamtaimng the respiratoiy movements is to be inferred from the 
marked reduction or abohtion of the respiratory response to anoxemia after de- 
nervation of the smus But the respiratory reflexes of the smus are essential 
only m the case of hyperpnea due to anoxia, apart from this defensive reaction, 
they do nothing which could not be done without them through changes m the 
blood flowmg through the centers Sensitivity of the cells of the center to the 
tension of COa or to the concentration of hydrogen ions m the artenal blood is 
greater than the sensitivity of the carotid body The nervous centers take 
precedence as the most highly specialized part of the mech ani s ms which control 
the adjustment of the respiration 



BEOULATION OF KESPIRATOBT MOVEMENTS BY OHEUO-BBCEPTOBS 19 


Sohnudt msista once again (1941) "The part played by chemo-receptor re- 
flexes m adjustang pulmonary ventilation to the requirementa of the body must 
be neghgible under normal conditiona. This is indicated by the undoubted facts 
that the hyperpnea of exercise is not associated with any change in the blood 
that could stimulate these structures, and that the hjperpnea of carbon dioxide 
inhalation has not been found to be modified m any measurable way by removing 
the chemo-receptor mfluonco The place of these reflexes m the body’s 
economy hes, not m their sensitivity to factors which normally regulate 
breathmg, but m their ability to withstand and to respond under adverse cir 
cumstances which sonously mterfere with the functional capacity of the central 
neurons. By virtue of this ruggedneas, the chemo-reoeptora are enabled to sot up 
a powerful reflex drive and thus to mamtam the activity of the neurons when the 
latter have lost their ability to respond to their normal stimuli. 

Comroe and Schmidt (IMS) consider also that the regulation is brought about 
by the temdons of COi and oxygen m the blood bathing the centers and particu- 
larly by the concentration of hydrogen ions resultmg from the eqnilibnum be 
tween the two gases The chemo-roceptore, which are more sensitive to oxygen 
lack than to excess of COi , operate only when the deviations in one or the other 
or both of the two respiratory gases m the internal environment are very great 
and without sufficient effects on the centers 

Schmidt, Dnmke and Dnpps (1939) have made comparative studies of the 
sensitivity of the centers and of the carotid body to changes m the tenaon of 
C!Oi m the blood The respiratory movements are not altered sigmficantiy nor 
does the tendon of COj m the arterial blood change after denervation of the 
carotid bodies so long as the animal is breathing sufficient oxygon The carotid 
reflexes play an important part only in extraordinary circumstances and not con 
cerned with the fine control of the respiration. 

Gesell and Moyer (1937) made an experimental study of the central and penph 
eral factors which determme the frequency and depth of the respiratory move- 
ments Lack of oxygen m the inspired air, and therefore in the alveolar air, 
causes a very obvious morease m the ventilation. This morease is not prevented 
by section of both vagi nor by section of the pulmonary fibres of the vagus and 
denervation of the carotid emus, leavmg the cardio-aortic region sensitive and 
active Denervation of the smus facilitates rather than prevents the accelera- 
tion, but it reduces the tidal volume On the other hand denervation of the 
carotid and of the cardio-aortao region leaving the pulmonary vagus mtaot favors 
the acceleration produced by oxygen-lack. Complete denervation of the chemo- 
receptors of the smus, the cardio-aorbo area and the vagal pulmonary area ehmi 
nates the hyperpnea due to anoxia It is evident that the lack of oxygen affects 
the ohemo-receptors more than the centers Hypercapnia acts m a different 
way it causes a type of hyperpnea which is charactemed prmcipally by increase 
m the depth of respiration. The denervation of the vascular chemo-receptors, 
with or without vagal block, docs not cause visible changes m this hyperpnea, 
this mdicates that excess COj exerts a stronger dominant stimulation upon the 
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centers than upon the peripheral receptors From this equilibrium between the 
function of the centers and that of the receptors there results the adaptation to 
the vanous circumstances which can influence the respiration ' 

Schmidt and Comroe (1940) are stall concerned with the functions of the ca- 
rotid and aortic sensory zones They reach the conclusion that m the case of 
anoxemia and of poisomng by cyanide or lobehne, the mcrease m ventilation is 
due to reflexes of vascular ongm, from the smus or the aorta On the other hand, 
when an mcrease m COj or m the concentration of hydrogen ions m the blood 
occurs, the central effect predominates The reflex factor does not become active 
until almost the maximal response of the centers has occurred They suppose 
that the different circluatory chemo-receptors show a distmct sensitivity to 
stimuh brought by the blood Some of them might be active constantly m 
physiological conditions because of their greater sensitivity , the majonty however 
function successively m mcreasmg numbers only when the level of the stimuli is 
raised A defimte quantum of mcrease m stmnilatmg activity is necessary to 
evoke a measurable reflex response correspondmg to a defimte threshold The 
problem of whether the most diverse stimulatmg agents affect all the receptors or 
whether there is a specific sensitivity for each group of them has not yet been 
solved The scheme proposed by Comroe and Schmidt is kept unchanged the 
COj , the degree of acidity of the blood and perhaps of the nervous tissue, is the 
central stimulus and is almost without effect on the vascular chemo-receptors 
Oxygen-lack on the other hand is the stimulus for the chemo-receptors which 
begm to function only m emergency The same authors beheve that the status 
of the hydrogen ion as a stimulus to centers and chemo-receptors is at present 
still uncertam It seems qmte possible that the respiratory effects of changes m 
pH (m so far as they are not referable to correspondmg changes m COj tension) 
are due to chemo-receptor reflexes and not to a direct effect of hydrogen ions on 
the centers 

Dumke, Schmidt and Chiodi (1941) try once more to elucidate the parts 
played by the penpheral chemo-receptors of the carotid smus m the respiratory 
responses to anoxemia and to hypercapma With the animal breathmg room 
air, qmetly and without exertmg any force, the ventilation rate is not decreased 
by denervation of the smus, which demonstrates that m such conditions of repose 
the reflexes from the smus play no appreciable part Twelve per cent oxygen 
causes shght respiratory acceleration, which is mcreased when the proportion of 
oxygen m the gas mixture is reduced to 10 per cent Denervation of the smus 
makes the response to the drop in the inspired oxygen much less obvious If 3 5 
per cent carbon dioxide is added to the mixture containmg 10 per cent oxygen, the 
respiration is mcreased, this mcrease is shghtly less when the smus is deafferented 
From aU this the authors conclude that hyperpnea produced by anoxia is reflex 
m nature, dependmg upon the stimulation of the vascular receptors, while the 
presence of an excess of COj acts rather upon the respiratory centers Gesell 
and Lapides (1938) performed an mterestmg experiment they determmed the 
duration of the apnea produced by over-ventilation of the alveoh m mtact dogs 
and comparatively after blockmg the nerve fibres of the smus with cocame 
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With the nerves blocked the apnea lasts considerably longer This means that 
with the afferent nerve of the smus no longer conducting impulses and therefore 
with the chemo-receptors no longer functionmg, a lower concentration of mcygen 
IS required to excite the centers 

The observations of Witt, Kata and Kolrn (1934) lead us to suppose that the 
participation of the chemo-receptors m mnmtainmg the respiration is not 
dispcn^le Deafferentation of the respuatory centers by section of the vagi 
and denervation of the carotid smus results m depression of the respiration and m 
some cases m cessation and subsequent death The impulses which normaBy 
reach the centers by the afferent nerves stimulate and condition the activity of 
the centers, and the respiratory mechanism depends to a great extent on the m 
tegnty of the peripheral receptors and ita conduotory nerves Finally the au 
thors consider that, m addition to the receptors of the smus and to those which 
send their fibres through the vagus (pulmonary and cardio-aortic receptors) 
still others may play a part m the phssiology of the respiration 

The centers and the chemo-reoeptors act in co-ordmation in response to and 
according to the state of the gas oontentof the blood Gesell (1939) asks whether 
fhero could be transitory and variable differences m the respective sensitivities 
and whether for that reason there might bo produced physiological vanations m 
control accordmg to the circumstanoes provnilmg m the respuntion, which ore 
always variable Thus the threshold of a given chemical sensitivity would not 
bo constant in a given place cither central or penpheml 

If during mtanso hyperpnea by hypercapnia, the nerves of the carotid emus 
are blocked with the vagi blocked as well, no decrease in the respuatory move- 
ments IS obseived at the time when the chemo-receptors should bo stunuloted 
most strongly This could be explained m two ways 1 The respiratory centers 
respond more vigorously than the receptors to high tensions of COi, while the 
reverse is true at lower tensions 2 Hypercapnia is unable to mamtam the re- 
flexes m this case because the carbon dionde m the centers blocks the impulses 
nmvmg from the ohemo-receptors (Gesell and Moyer, 1936) Thus dunng m 
tense hypercapnia, central stimulation of the vagus produces no effect on the 
respiration. It seems nevertheless that asphyxia ordmarily mcreases the 
effectiveness of afferent respiratory impulses and that the effecta of chemical 
stimulation predominate m the respiratory centers (Gesell, Moyer and Kittrick, 
1942) 

Thera remain functional relations of great complexity between the peripheral 
receptors and the centers and variations would bo possible m the relative partioi 
pation of the mechanisms which control the functions of the centers and of the 
vanouB chemo-receptors Any rigid schema which is proposed m an attempt to 
explam these compheated phenomena can scarcely conform to all the facts 

V There still re mam other important factors which must bo considered m 
studying the action of carbon dioxide on the centers and on the receptors m 
controlling the respiration Notonly is hypercapnia important, but also afnetor 
of great influence is the lack of CO« sufficient to alter its necessary quantitatrvo 
relationship with oxygen m the air and in the blood 
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Mosso (1886) called attention to the effects of hypocapnia when rarefied air is 
breathed at high altitudes Since then many have been earned out, some of 
which have had immediate practical importance We refer particularly to the 
work of Yandell Henderson and hia collaborators smee 1908 


Hasselbalch (1912), Hasselbalch and Lmdhard (1915) and Henderson and 

H CO 

Haggard (1918) demonstrated that the ratio is altered by hyperpnea 

(L J Henderson, 1919) The concentration of HjCOj in the blood is reduced by 
the mcreased expiration of COt and the alkalosis must be compensated by a 


reduction m base, prmcipally m fixed alkah, i e , sodium, which is followed by an 


mcreased ehmmation of ammoma, sodium, etc , m the urme On the other 


hand a higher concentration of carbon dioxide causes an mcrease of alkah m the 


blood This has been confirmed repeatedly (Haldane, Kellas and Kennaway, 
1919, Davies, Haldane and Kennaway, 1920, Gesell, 1922-23, GoUwitzer-Meyer, 
1924, etc) Henderson (1925) and Gesell (1926) have summarized m two ex- 
cellent reviews what was then known of the chemical regulation of the respira- 
tion, referrmg of course at that tune only to the action of chemical stimuh on the 


centers 


When the respiratory ehmmation of COa becomes excessive, as m the hyperp- 
nea of anoxia for example, a paradoxical situation arises with mcreased pul- 
monary ventilation and simultaneous hypocapnia of the centers, m which the 
COa IS washed out The more mtense the hyperpnea of anoxia with subsequent 
hypocapnia particularly durmg anesthesia, the less will be the central control 
and the greater the peripheral control through the chemo-receptors Hypocapnia 
reduces the excitabihty of the centers (Gesell and Lapides, 1938) and if it remains 
excessive the centers do not provide adequate ventilation Anoxia results finally 
m respiratory depression, which is to be explamed by the paralyzmg effect, 
especially on the nervous fimctions, when the oxygen lacks (Verwom,1903) 
The nerve cells are particularly sensitive, more so than any other cells, to anoxia 
and to asphsrxia 

The chemo-receptors are m general strongly excited by degrees of anoxemia 
which depress or paralyze the physiological activity of the central neurones But 
so long as the anoxia of the centers is not excessive the lack of oxygen mcreases 
their excitability to CO* , the normal chemical stimulus In this way the tension 
of oxygen m the blood would mtervene m the control of the ventilation by its 
action on the respiratory centers As the anoxia becomes more severe, asphyxia 
of the neurones hmders the process of regulation, impedmg or even paralyzmg 
the central responses, but at that time the chemo-receptors are still able to re- 
spond to the lack of oxygen m the blood and the respiration is mamtamed by the 
impulses which they set up as a compensatory reaction This persistence of the 
excitabihty of the receptors leads one to suppose that the metabolic level of the 
sensory cells which compose them is lower than that of the central neurones 

Gesell (1939) holds to his old pomt of view the regulation of the respuation is 
earned out by the acid-base equihbnum, bj'' the pH m the nerve cell, and not by 
that m its environment, the mterstitial fimd, still less by that m the blood It 
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ia the acid base equilibninn of the centers primarily and also of the chemo- 
receptors. Oply by takmg mto account the state of the acid base equilibnum, 
not m the mtemal environment but m the rntracellular fluid itself, is it possible 
to explain a number of facts which otherwise present insoluble problems 

Acidosis of the blood, for example, is not m all oases an obvious cause of hyperp- 
nea Henderson (1938) has shown that m carbon monoxide poisonmg when there 
IS an morease m the ventilation alkalosis is produced by hypocapnm which up to 
a certam pomt protects the centers from the harmful effects of anoxia 

We have seen the significance of the accumulation of acids m the cells of the 
centers and of the chemo-reoeptors , acids which arise m the mtermediate metabo- 
lism of the cells and are also dependent upon the acids of the surroundmg flmd, 
the mtemal environment Gasell (1025) has explamed how the respiratory cen- 
ters function to maintsTTi their optunal aoid-base equilibnum McGmty and 
Qesell (1025) have shown that the concentration of lactic acid m the bram and 
also m the blood moreases when carbon monoxide is administered The same 
thin g happens in oyaiude poisoiimg and m hemorrhage. Local accumulations of 
lactic acid and of other acixis(pyruno, citno, etc ) are possible m the norvo cen- 
ters and other organa, m some cases perhaps without any mcrease m the acids (ff 
the blood 

We can explain now the danger of adnunisteimg oxygen alone m attemptmg to 
combat anoxemia The oxygon roleasea quantities of acid, particularly InoUo 
acid, which disappears by oxidation and by resynthesis, and free base remains 
which bmds COi.decreasmg the normal stmiulus for respimticm For this reason 
in respiration at high altitudes the addition of COj to the inspired oxygen helps 
to morease the oxygen In the blood, to restore normal respnation and to produce 
the subjective improvement which is felt xvith each breath, as has been shown by 
Schneider, Truesdell and Clark (1926), and by many others, most recently by 
Dill (1938) 

The final conclusion from all that has gone before is that for various reasons — 
lack of oxygen, excess of COi , hemorrhage, the action of certain poisons, and 
increased temperature m the centers or chemo-receptors — the general acid base 
balance of certam organs can be changed and it is precisely the state of this 
bahmeo which controls the respiration One must not judge this equihbnum 
only from the pH of the blood, the local rntracellular pH of neurones m the 
centers and of the sensory cells or neighbormg cells m the penpheral chemo- 
receptors IS of greater importance Vanous factors act upon these equilibna 
and only by considering exactly the complex mfluonce of such factors can one 
explam certain facts which otherwise would seem paradoxical if not contradictory 

Schmidt and CJomroe (1910) report that many different substances evoke 
reflexes through t heir action on the chemo-receptors, particularly those of the 
carotid smus The active substances are of vanous sorts We can explam 
the mechanism of action of some, accordmg to what has already been said, by 
their influence on the nutrition of receptors through the cellular metabolism, 
this explanation cannot bo applied to others to which we might attribute a 
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si)ecific action, like that of so many drugs which act on various portions of the 
autonomic S 3 ^em 

It should be pomted out that the receptors are not only affected by variations 
m the hydrogen ion concentration, but that they may be excited by a variety of 
agentsf oremost among which are normal or accessory products of the mtennediate 
or final metabolism of the tissues It is possible that there is actually somethmg 
more m these mechanisms than the regulation of oxidations and the production of 
acids It may be that the processes of chemical excitation have greater signifi- 
cance and even though it has not been possible to confirm the mediation of endo- 
crme products of the glomerular tissue m accordance the hypothesis of 
Moms de Bettencourt, Rodngues Cardoso and Paes de Vasconcellos (1938), it 
would not be illogical to suppose that the capacity to stimulate the chemo- 
receptors and the centers extends to vanous substances of endogenous ongm, - 
metabohtes or specific substances, “active substances” m the sense used by 
Demoor In this way mechanisms of functional correlation and of regulation 
would be estabhshed, as a result of which the respiratory response could be 
perfectly adapted from moment to moment to the functional metabohc needs, 
which change rapidly accordmg to the circumstances Among those chenucal 
stimuh which are able to evoke such mechanisms the most important is the con- 
centration of hydrogen ions m the appropriate tissues 

VI As long ago as 1876 Latschenberger and Deahna had formulated the hy- 
pothesis of the reflex influence of the peripheral circulation on the regulation of 
the respiration Recently vanous mvestigators have sought by different meth- 
ods to locate the vaso-sensory zones Spalto and Consigho (1886) , Hager (1887) , 
Pagano (1900), Sicihano (1900), Brodie and Russell (1900), Mayer, Magne and 
Plantefol (1920), Frey and Hagemann (1921), Haggard and Henderson (1922), 
Hess (1923), Toumade and Mahn^jac (1931), Toumade (1932), Toumade and 
Bochisam (1934), etc , demonstrated the sensitivity of the vessels and the effects 
of the chemical excitations which occur m them The stimulation of these 
vascular receptors has effects which are predominantly circulatory, but which are 
inseparably linke d to respiratory effects Among these reflexes particular 
mterest attaches to the respiratory reflexes which are produced by variations m 
the pulmonary circulation as a result of the stimulation of receptors m the vessels, 
as observed by Hamson, Hamson, Calhoun and Marsh (1932), Schwiegk (1935) 
and Christie (1938) Waele and Van de Velde (1940) describe respiratory 
reflexes through cardiac receptors 

In the same way receptors are found m various organs the excitation of which 
results m respiratory reflexes Lewy (1891), Varaldi (1893), DuBois-Eeymond 
and Katzenstem (1901-02), Baghom (1903), Fleisch (1921), Scott, Gault and 
Kennedy (1922) have repeatedly confirmed the existence of such reflexes evoked 
by the excitation of sensory endings of the muscles The most obvious effect is 
obtamed from the diaphragm and from other respiratory muscles (Fleisch, 1928- 
30, Hess, 1931, Sharpey-Schafer, 1932, Gesell, 1935) Krogh and Lmdhard 
(1917) produced respiratory reflexes upon faradic stimulation of vanous groups 
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of musdes These effects may be simJar to those which are observed when any 
sensory nerve capable of causmg pam is stunulatcd 

The metaboho state of the tissnes and particularly of the muscular system may 
therefore produce reflexes It is well known that the respiratory activity m 
creases automaticolly when the work is moreascd, this is duo to central processes 
but still more to nutritive reflexes, reflexes which one may suppose are organiied 
to constitute systems, — sometimes very extensive systems, — of respiratory re- 
flexes Because the mcrease m resphation begins at the same tune if not before 
the commencement of work, Krogh and Lmdhard (1920) thought that this was a 
matter of central effects, of efferent irradiation m connection with the muscular 
excitation from the centers (Paterson, 1928) Allen (1942) describes respiratory 
effects as responses to conditioned reflexes All this presupposes the existence of 
roflexogenio receptors m the organa Hamson, Hamson, Calhoun and Marsh 
(1932) and Hamson (1939) state as a result of their exponmonts on dogs and their 
observations of healthy and diseased human bomgs that reflexes evoked by mo\ e- 
ments of the legs help to produce the hyperpnca of exercise Alam and Smirk 
(1937) showed the existence of a ohemo-sensitive system in the muscles which 
IS capable of evokmg vasomotor reflexes as a result of the accumulation of 
metaboUtes produced in exercise Comroe and Schmidt (1943) confirm the 
possibihty of other similar respiratory reflexes resulting in hyperpnea and 
evoked by movements of the legs These reflexes are thought to be elicited by 
excitation of the muscular ohemo-receptors which are sensibre to morgamo 
metabolites, especially carbon dioxide These mechanisms were suggested long 
ago by Volkmarm (1841) and by Vlerordt (1844) 

Sohmidt and Comroe (1941) and Comroe (1944) assert that in the hyperpnea 
of exercise the respiratory adjustment depends on receptions in the musdes, 
lungs (Chnstde, 1938, Hamson and others, 1939) and perhaps m the heart 
(Waele and Van do Velde, 1940), besides many other well known important 
factors 

The stimulation of ohemo-receptors m the active tissues has been conclusively 
demonstrated as has theu: effect on the circulation and the respiration Wo 
have referred above to the nutritive reflexes Through their medmtion the car- 
diac output arises as the metaboho exchange in the tissues is mcrcased 

The regulation of the vegetative functions becomes progressively compre- 
hensive until resulting m generalised responses Thus, reversing the relation- 
ship stated above, respiratory stimuh affect the circulation m an entirely appro- 
priate fashion The addition of COi to the inspired air increases the blood flow 
m the beam and decreases it in the muscular system as has been demonstrated 
repeatedly by Sohmidt (1928) m the cat, Lemox and Gibbs (1932) m man, 
Irvmg and Welch (1936) m the rabbit, and Irvmg (1939) m the beaver and the 
muskrat Bemthnl (1934) observed that when the carotid sinus was perfused 
with blood containing oxygen at a tension 10 mm Hg below the normal there is a 
reduction in the blood flow through the axillary artery An mcrease m the COj 
tension of the blood increases the flow Section of the vagi makes these effects 
more obvious 
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From all tins it is to be concluded that the respiration like the circulation is 
controlled from the oi^ns themselves by the presence of chemical stimulatmg 
substances We have shown (1941) that a reflex mcrease m the respiratoiy 
movements is produced by asphyxia of the trunk when it has been isolated from 
the head and separated therefore from the carotid smus and when the heart has 
been denervated, mactivating the cardio-aortic chemo-receptors This effect 
can only be the result of the stimulation through COi of receptors located m the 
lungs or m the tissues or m both regions 

"STI Afferent impulses of the most diverse ongm produced by the excitation of 
receptors of all sorts reach the respiratory centers Besides stimulation of me- 
chanic and chemo-receptors, the stimulation of other more or less specific re- 
ceptors IS important In the first place we may note the stimulation of many 
sensory nerves which evoke respiratory reflexes Painful sensations can retard 
or accelerate the respiratoiy movements dependmg upon the circumstances 
(Henderson, 1910, Meyer, 1914) Propnoceptive sensations conung from muscles 
and propnoceptive sensations of position from muscles, ] omts and labyrmths affect 
the respiratory movements Stimulation of the special senses of sight, heanng 
and smell and of the sensory endmgs for cold and heat result m changes m the 
re^iration This is true also of impulses from the autonomic regions Centn- 
petal impulses which affect the respiration may come from the whole organism 
by all pathways 

One must not forget on the other hand the automaticity of the respiratory 
centers which can mamtam up to a certam pomt alternate inspiration and ex- 
piration m the absence of any external influence This was suggested by Le- 
gaUois (1812), and recognized later by a large number of mvestigators (Lan- 
gendorf, 1888, Schrader, 1887, Lewy, 1891, Xiewandovski, 1896, Foa, 1909-11, 
Winterstem, 1911, Scott and Roberts, 1923, Roberts, 1925, Adrian and Buyten- 
di]k, 1931, Finley, 1931, Barcroft, 1934, and many others) 

The anatomical locahzation of the respiratory centers and their functiomng 
have been studied mtensively Flourens supposed that they are located near 
the tip of the “calamus scnptonus,” and Gierke that they are made up of cells 
connected to the fasciculus sohtanus Mislavski (1885), Aduco (1890) and re- 
cently Henderson and Sweet (1929), Finley (1931), Henderson and Craigie 
(1936), Nicholson (1936), Nicholson and Brezan (1937), Nicholson and Sobm 
(1938) search the localization of the respiratory centers m the medulla Wor- 
thy of special comment is the paper by Gesell, Bncker and Magge (1936) who 
studied the electric changes m the function of the medullar respiratoiy centers 
These authors, like Brookhart (1940), state that the neurones which make up the 
bulbar centers are found more or less scattered through the reticular formation 
Pitts, Magoun and Ranson (1939) and Pitts (1940-42) attempt to give a precise 
anatomical and physiological descnption of these myelencephahc centers They 
distinguish m the cat an “inspiratory area” situated m the ventral reticular 
formation below the infenor ohve, and another dorsal, “expiratory area , son^ 
what higher, extendmg beyond and bending over the cepbabc portion of the 
inspiratory area Excitation of one or the other gives rise respectively to con- 
traction of the muscles of inspuation or of expuation 
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There are different physiological catogones of centers, tho higher centers 
integrating the function of the lower This is known smco tho researches of 
Markwald (1887-90), Loewy (1888), Langendorf (1888), Luschcr (1899), 
Lewandovsky (1890), etc Thus Lumsden (1923) and later Stella (1938-39), 
among others, thought that there is a regulator center m the pons- — “pnoiuno- 
taxio” — ^which has predominant inhibitory properties and so it is able to control 
the function of the other subaltern centers Rijlant (1032), who studied the 
efferent respiratory electric discharges, established a functional hierarchy among 
the respiratory centers, possessing different specific properties and located m the 
medulla and the pons These centers are not compact nor do they form a stnet 
entity but rather n system of adjacent groups of neurones among which those 
which have thus far been localised experimentally are of particular functional 
importance 

In the centers the impulses of various origins are mtegrated and organised 
Motor patterns are formed through the synthesis of the most numerous and van 
ous elements and these patterns or functional systems give nse to efferent im- 
pulses to the muscles and also to other higher centers both subcortical and 
cortical, which work m unison and m perfect adjustment with the bulbo-pontile 
centers 

For a long time it has been supposed that the mspimtoiy -expiratory alternaticsi 
was a sequence of reflexes started at the vagal ends of the lungs and related to 
meebamcal stimulus tho state of pulmonary inflation or deflation The dis 
covery of the Henng Breuer effect (1808) led to a conception umversally ac 
oepted Tho explanation appears by now mcomplete Expiration, like mspira 
tion, can be active And side by side with the jnechamoal stimulation of 
peripheral receptors should bo considered the function of ohemo-receptors m 
different temtones, and the mtnnaid profiorties of the respiratory centers at 
various levels of the nouro-axia, especially the mcdullo-pontile centers 

Bronk and Fergusson (1935) employ the inscription of the electno “fusiliades” 
by the motor nerves to study this question They conclude that both inspiration 
and expiration are active and that the rhythmic impulses of excitations arise 
automatically in the centers, oven in the absence of afferent impulses arriv- 
ing to them Gesell (1940), GesoU, Magee and Bncker (1940) and Qeseli, 
Atkinson and Brown (1940) describe tho patterns of tho oleotnc vanationa m the 
respiratory motor nerves, inspiratory impulses present there different patterns 
from the expiratory ones Those expenmonta show also that tho centers are 
active m mspiration and expiration and that centrifugal onrrents may leave such 
centers mdcpendently of any afferent impulses In the respiratory mechanisms 
there are centrogemc excitations beside reflexogemc influences. Tho centers 
maintain a tone and send out rhythimcal impulses over the centrifugal pathways, 
but they are subjoct to numerous afferent sensory inflaences of varied ongm and 
rmture, and subject also to their own chermcal state and that of thebiood passmg 
through them 

Gesell and Hamilton (1941) hare made a further study of the reflex mechanism 
by stanulatmg three types of nerves the vagus which they consider propriocop- 
tivo, the carotid smus nerve, chemooeptive, and tho saphenous, noacoptive, th^ 
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(1943) deal wi th the motor mtesration” of the respiration still usmg the anal-. 

of the respimtoiy discharges m the diaphragm, in vanous speeij JZZ 
In the centers elementary phenomena are mtegrated which may possibly be 
Identical or siimlar along the zoological scale and which become compheatedm 
^Tinous ways accordmg to the level of function 

Pitts, Magoun and Ranson (1939) study the functional mteirelation of the 
different respiratory centers m the cat employing the Horaley-Clarke techmque 
There are m the medulla inspiratory and expiratory bilateral groups of neurones, 
and fibres of the vagus are connected with them Pitts (1942) reaches the con- 
clusion that four subsidiary systems are present in the meduUa a, an excito- 
motor center which sends out periodic discharges, b, a vagal inhibitory system, 
c, a cerebral inhibitory system, cortico-hypothalamic, d, other excitatory and 
inhibitory systems The inhibitoiy systems, both vagal and cerebral, check the 
activity of the neurones of the motor system and m this way rhythmical respira- 
tion IS produced, it is also possible that they vary the rate and depth accordmg 
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Comore (1944) imtes recently "Probably the most important discovery of 
the last century has been the realization that respiration is controlled not bystim- 
ulation of the medulla alone, neither by reflexes alone, but by proper mteraction 
of both factors No reflex, no matter how strong, can stimulate respiration d 
the artenal COj tension has been lowered abnormally (Krogb and Lmdhard, 

_ -1 1 Tin mo+.t/ir linW OTAftf.. Afl.Tl TimdllCS 


the artenal UUj tension nas oeeu luweieu auuuiuioixj 
1913 Stella 1939), no chemical stimulant, no matter how great, can produce 
rhyttaic breathiDg if the medulleiy ceptere have been completely cut off from 
oU nervous influence moluding that residing in pnenmotaxio center (Stella, 1938) 

, It IS not surpnsmg that speamg as weu 
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and lumted mechanisms, such ns reflexes divorced from the f unotion of the whole, 
can determine by themselves the fleidblo respiratory dynamics Everything 
which leads to the reoogmtion of now f aoU is important But lot us not advance 
an explanation of tho whole, which depends upon innumerable factors, m terms 
of one elementaty function— one receptor, one center and one effector Investi 
gations which have been earned out without a logical ooncopbon of the tolahty 
of the nsural organiiation and of tho adaptation of tho responses have contributed 
to the obscunty of the oonoluaona and to a general disonentation Tho physiolo- 
gist must be a careful expenmenter, but he must have above all a clear idea of 
what ho IB seekmg, ha must attribute to his observations their exact significance 
and he must know how to incorporato his results mto tho general theory 
Therefore when we contemplate m the proper perspcotivo tho history of the 
fundiimental discoveries in the physiology of respiration w e are surprised at the 
extreme pains taken by some authors to deny the existence and funotion of 
ohemo-receptors In the respiratory apparatus Our purpose m studying this 
problem was motivated by a leadmg idea expressed m the thesis of Turrd (1914), 
which stated the functions of a ‘‘trophic sense” of chemical nature possessed by 
many difleront tissues After tho demonstration of the trophio reflexes of 
hypcrglyoemia (Pi-SulSer, 1917) and hyperlipemia (Geelmuydon, 1923, Wer- 
thaimer, 192S), It seemed to us that it would be an interesting problem to de- 
termme whether a reflex mechanism responsive to penpheral chemical stnnuh 
also acts to control the respiratory movements, which are so easily observed and 
which offer so much for mvestigatlon The results were positive and the re- 
searches of numerous mvestigatore have gtvjen a decisively favorable response 
From the nose (Aflen, 1929 , Kerekes, 1935, Deseo and Fodor, 1936) and tie lar- 
ynx and trachea (Lumsden, 1924, Graham, 1939-40) to the tissues themselves,” 
a senes of chemo-reoeptors takes part m the control of the respiratory move- 
ments m the respiratory apparatus at vanous levels, m the oiroulatory nystems 
and m other parts of the organism 

The vascular chemo-receptors act effectively m the regulation of the respiratory 
movements but it cannot be doubted that the location of the chemo-receptors m 
the respiratory apparatus, at vanous levels, from the nose to the finest bronchioles 
and the lungs, is a more strategio one It is logical to suppose that m TngmTr'g;. 
anunala which breathe air, receptors in the respiratory apparatus itself have 
greater functionai sigmScance ttian have vestiges of sensory struoturBS in the 
vessels, which are useful primarily for respiration in the water (Schmidt, 1038) 
Qesell wrote recently “If ever there was a oonviotlon firmly intrenched in 
physiology, it was the monopoly of the chemical control of breathing by tho 
respiratory canter Jl prwed (o be one o/ phynelogy'i ouhlaHdtng ertedt 
It was a shaky foundation upon wUoh all of us worked. So when Heymans 
el oi , produced hyperpnea by a lack of oxygen or an excess of carbon dioxide 
confined to the aortic (1934-27) and carotid chemo-receptors (1930-32), fte oooe 
ut a ntmovihoK on mpiraiton for which physiology is deeply mdehted Both 

control and penpheral chemical control were proven to be extremely important ” 
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For over a quarter of a century we have been mvestigatmg the functions of the 
respiratory chemo-receptors The idea of the r61e of the peripheral chemical 
stimulation of receptors m the processes of regulation of pulmonary ventilation 
and respiratory djmaimcs was enunciated by us m 1918 and at the same tune the 
reflex effects from those stunuh were demonstrated That year we published 
our first paper on chemo-receptors m the respiratory apparatus, which control its 
motor functions, and m 1920 we gave a practical demonstration of the techmque 
employed (the dog with two heads, perfusing the head of the experimental dog 
with the blood of the donor dog) before the Tenth International Physiological 
Congress m Pans Smce those first experiments, our research work on this sub- 
ject has been extensive Today it is an undisputed truth that peripheral chemo- 
receptors are instrumental m the control and the regulation of the respiratory 
movements 
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THE ACTION OF IN8HLIN 
J P BOtJCKAERT aud CHH be DUVE 
Pfiytiolojtcal LoSotoJoid, UnivtrMii cf Lommn, Bd^uwi 

In spite of the enormous amount of both eipenmental and ontical work de- 
Totcd in earher years to the problem of mmilin aotaon, and in spite of the appar- 
ently convmcing demonstration furnished by earher work that insulin fadhtates 
both glucoee oxidation and storage as muscle glycogen, too many facts are still 
disputed, too many condusiona remam questioned, to allow a satisfactory agree- 
ment to be reached on the subject Since then, a great step forward has been 
made, thanks partioularly to the results achieved by Soslan and other American 
authors, new light has been thrown simultaneously on the biochemical aspect of 
the problem by the Cons’ more recent work on glucose and glycogen phospho- 
catalytio metabolism To these important results we now wish to add our own 
contribution to tiie Subject 

It may be recalled that the problem of insulin action has been studied iinmter- 
luptedly smce as early a date as 1923, m the physiological laboratory at Louvain 
TTnnersity The earlier experiments by Bouckaert, De Nayer and their co- 
workers already pomted agamst the current views on the subjeot, as to our later 
results, not only do they conclusively di^rove the classical muscular theory of 
msuhn action, but, jointly with Soslan’s and other recent data, they afford 
sufficient evidence for reconsidering the whole bulk of expemnental work on 
v. hich it is based Out of the new facta thus brought to light, a diSerent theory 
arises, which provides a more comprehonrive and satisfactory picture of insuhn 
action than has yet berai put forward As has been shown m the detailed review 
on carbohydrate metabolism, diabetes ami insuhn, recently published by one of 
us (27), practically aH the results obtained until now on this subject may be 
gathered, when property mterpreted, in support of this thecsy 

Our essential tdm, m this paper, is to summanse our most important results 
and to pomt out bnedy how they affect the general theory of insulm action For 
a more detailed account we wish to refer to the work of de Duve (27), already 
mentioned, where the more recent literature has been extensively discussed. 

ExPTOQmNTAi, KEsmns Aim disoubsion a. The imporiarux of the blood sugar 
level Some experiments by Wieriuehowski, Soskm, Lundsgaard, amongst 
others, have served to emphasise a rdationship between blood^igar levd and 
blood-sugar consumption. Such a relationship has been shown to exist by De 
Nayer (17) between the amount of glucose deposited as muscle glycogen under 
msuhn action and the blood-sugar level at which the insuhniied animal is mam- 
tamed by continuous mtravenous infuslDn of glucose , we ourselves have observed 
the quantity of glucose disappearmg under the influence of insulm to be directly 
proportional to the mean glycaemia of both rabbits and dogs receiving insulin 
and glucose mtravenously (19) 

The mathematical function relating blood-sugar consumption toblood-sugar 
level has been the object of some disagreement. Accordmg to Lundsgaard and 
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co-workers (44) the function is linear in a range of blood sugar from 0 20 to 0 60 
per cent, Wierzuchowda (64), Soslan and Levme (60) both find the curve to be 
parabohc In the latter work, however, the total carbohydrate utilization is 
considered and not the blood-sugar disappearance only On the other hand, the 
data ohtamed by Wierzuchowski can be satisfactorily put on a straight hne m the 
blood-sugar range m which Lundsgaard finds the relationship to be Imear Our 
own results diow that the hnear relationship still appears at lower blood-sugar 
levels m the case of the insuhnized animal From this fact it may be assumed 
that the relationship really is hnear, but that the curve tends to become parabohc 
at low or very high blood-sugar levels This would be due, m the latter case, to 
saturation of the enzymes responsible for glucose disappearance, m the former to 
the fact that hepatic glycogenesis^ replaces to some extent mfused glucose in 
cbmpensatmg peripheral consumption, and that the exogenous supply, by which 
consumption is measured, must be accordmgly restncted 

The relationship between glucose admimstered and blood-sugar level would then 
become hnear from the moment when hepatic glycogenesis became completely 
inhibited, m other words from the hepatic threshold* upwards, to the pomt where- 
the curve is agam flattened by saturation of the enzymes This is mdeed the case 
m Wierzuchowski’s experiment, if we assume that, m accordance with Soskm, 
the normal value for the hepatic threshold hes between 0 16 and 0 20 per cent 
Our own results would then support the view that msuhn considerably lowers the 
hepatic threshold, allowing the real relationship to be observed at much lower 
rates of glycaemia, where the curve of the non-msulmized animal already assumes 
a parabohc aspect As will be shown, this view is conclusively demonstrated by 
our further experiments 

To our knowledge, no explanation has yet been put forward to account for the 
observed relationship between blood-sugar consumption and blood-sugar level 
We ourselves consider it as a necessary consequence of the law of mass-adton 
Whatever the tissues concerned and whatever the final product of this trans- 
formation may be, glucose consumption must necessarily be equivalent to glucose 
transformation and must therefore be due to chemical reactions The xnitial re- 
action, by which glucose enters the metabohc processes will occur at the expense 
of glucose itself} its velocity will be increased by an increase in the concentration of 
glucoie Secondly, the subsequent reactions will also be accelerated and a total 
mcrease of the metabohc turnover of glucose wtU occur In accordance with this- 


* To prevent confusion, -we -msh to point out that, throughout this paper, we have : 
the expression “hepatic glycogenesis” in the sense of “sugar formation by the U-ver,” w 

_ iT_ t J TT A_ _ 11 KnfVl ‘ 


! used 

_ _ ’ what- 

ever the ongin of the sugar formed Hepatic glycogenesis will therefore cover both “he- 
patic glycogenolysis” (sugar formation from glycogen) and “glyconeogenesis” (sugar 
formation from non carbohydrate sources such as protein and, possibly, fat) Synthesis- 
of glycogen will be referred to as “glycogen formation ” It should be further noted that 
the word “ glycogenolysis” really means “glycogen breakdown ” When applied to the- 
liver, it usually means “glycogen breakdown to glucose,” but many authors also refer to 
“muscular glycogenolysis” in relation -with glycogen breakdown to lactic acid In the- 


latter case, we have adopted the expression “glycogen breakdown ” 

* The hepatic threshold is the value of the blood -sugar level, at which sugar formation be- 
comes completely inhibited in the hver and gives place to sugar retention 
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line of reaaonmg, the mflthenmtical function relntmg blood-eugar disappearance 
to blood-sugar level should have a specific significance, a linear curve indicating 
that the initial reaction is monomolecular We will refer Inter in this paper to the 
exact nature of this reaction, but it may be mentioned that many facta suggest 
that the imtial process might be a change m the molecular architecture of glucose, 
brought about by adsorption to some specific ensymatio structure and prior to 
phosphorylation by adenosme-tnphosphate Such a reaction would indeed be 
of the monomolecular type, moreover, the process at this stage would still very 
probably be reversible, which would account for the phenomenon of "tlockage 
lacwuure” observed by Soula and his co-workers Nevertheless, too much sig 
nificance should not be attributed to the Imeanty of the curve, as we have seen, 
it occurs only m a defimte blood sugar range and any Innited portion of a pam 
bohc curve is approximately a straight Ime On the other hand, the fact that 
eniymatio processes are conditioned by adsorption to a surface renders kmotic 
deductions from the type of curve open to criticism 

The importance of this relationship m regard to insulin notion is evident It 
shows that the rate of blood sugar level should be measured regularly, and the 
automabo infiuence of its vanabons should be taken mto account (see later The 
method of compensabon (p 43)) 

Blood-sugar vanabons can affect the experimental results ob tamed with insuhn 
m yet another way In 1934 attenhon was drawn by Macleod (46) to the extra 
ordinary differences existmg between normal and diabehc animals m regard to 
then responses to insuhn While the metabohc changes brought about by 
insulin m diabetic annnals are fauly regular and may be called “normal”, i e,, 
opposite to the corresponding changes caused m normal animals by total exbrpa 
tion of the pancreabo gland, the reaobons of the normal animal to insulin are 
much more irrcgidar In a certam number of experiments, the response is also 
“normal,” m others no changes occur, m many others, finally, “abnormal” dia 
beho reaobons to insuhn are observed, for instance a lowering of the R-Q , a de- 
crease in hepabo glycogm, on mcrease in the producbon of ketone bodies, or a 
rise m nitrogen excrebon, etc 

Macleod failed, however, to give a satisfactory explanation of these differences 
There is no doubt that they are mamly due to dtffcmvxe tn Moodsuffor level A 
systemabo review of those earher experiments, and of the later ones where similar 
differences occur, has shown us that most of the "abnormal” results were obtamed 
on animals receivmg large amounts of insuhn and no glucose or msufficient quan- 
tities of glucose, while the “normal” results are observed on either diabetic am- 
mals, or on nnunals receiving only small doses of msuhn, or adequately supphed 
with ^ucose whenever greater quantities of msulin were given In other words, 
'“abnormal" reeuUe are generally aeeoaded vnih hypoglycaemta, "normal” onee 
mth hyperglycaemtc or normal hhod-engar levels In many cases, this relabonship 
appears m the same set of experiments From this fact may bo concluded that 
the “abnormal” results are mostly due to the action, not of insulin itself, but of 
Hood sugar ramng or didbelogentc faelors whose appearance in the blood-slream u 
induced by the hypoglycaemtc state brought about by tnsultn For this reason 
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marked hypoglycaemm must be considered as the cht^ cause of error m experi- 
ments on msulm and should be avoided at all costs 

In short, the blood-sugar level appears to be of primary importance m all ex- 
periments concerned with msulm We beheve that too much stress cannot be 
laid on its importance, and that the confusion stdl existmg amongst different 
schools, and the resultmg failure of any theory of msulm action yet proposed to 
carry u nanim ous agreement, are to be attributed mainly to neglect of this factor, 
or insufficient knowledge of its influence As has been shown, this influence is 
twofold 

1, the rate of glucose consumption is directly related to its concentration m the 
blood, 2, low blood-sugar levels may mduce secondary reactions which antagonize 
the action of msulm 

b The so-called “glycogenolytic action” of in^in It has been frequently 
stated, especially by French and Amencan authors, that insuhn exerts a glyco- 
genolytic influence on the hver In fact, a decrease m liver-glycogen after m- 
jection of msulm has been frequentlv observed, but so, for that matter, has an 
mcrease Of the two results, the former undoubtedly may be termed “ab- 
normal” m view of the diminution m hepatic glycogen reserves resultmg from 
pancreatectomy In no other set of experiments does the “glycaemic cntenon” 
prove to be such a valuable asset as m these it may be shown that many of the 
experiments m which glycogenolysis occurs are associated with hypoglycaemm 
and are therefore without demonstrative power, it has even been shown m some 
experiments (see Held (66), Crandall and Cherry (14) ) that glycogenolysis /atis 
to occur m adrenalectomized or adrenal-denervated animals treated with msulm, 
thereby clearly demonstratmg that this effect is due, not to msulm action but to 
a secondary discharge of adrenalm, mduced by msulm-hypoglycaemm 

In some cases however, we either have no positive proof that such a reaction 
has occurred, as no recording of the blood-sugar curve has been made (e g , Con 
and Con (13) ), or may even defimtely ehmmate the possibihty of such a reaction, 
as, for instance, m the experiments by Bodo and Marks (2), Fiessmger et cd 
(29), Lundsgaard et al (43), where a glycogenolytic action of msulm is demon- 
strated on the perfused Iwer An mterestmg fact about the latter experiments 
IS that this effect on the perfused hver can be produced vnth certain samples 
of insulin only, others, at least equally active therapeutically, exert no glyco- 
genolytic action whatsoever on the perfused hver Evidently, even m these 
cases, glycogenolysis cannot be due to msulm itself, it must be attnbuted to a 
blood-sugar raising factor, different from msuhn, which is present as an impunty 
m certam samples of commercial and even crystallme (Fiessmger, Lundsgaard) 
msulm It wiU be remembered that a similar explanation accounts satisfactorily 
for the mitial hyperglycaenua which occurs immediately after mjection of certam 
samples of msulm 

Our attention was particularly drawn to this problem by a paper bv Bndge 
(8), where it is categoncally stated that msuhn inhibits glycogen formation m 
the hver In Bndge’s experiments, addition of varymg amounts of msuhn to 
the solution of glucose mfused contmuously to rabbits, dunng 6 hours and at such 
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ft rate as to'maintam the blood-eugar at a constant hyperglycaenuo level, leads 
to a oorresponding decreate in the amount of glucose deposited as Uver glycogen. 
The insulin nsed in this experiment was “Lilly,-" smce this brand has been vvidely 
used for research purposes, we thought it rather important to verify whether it 
also contains h blood sugar raiamg factor, ns Bridge's results strongly suggested 
Our experiments fully confirmed this assumption (24) (20) 

Injection of “Lilly" insulm produces a charaotenstic mitiat hyperglycaemia , 
less glucose is needed to compensate the hypoglj caemia mduced by massive m- 
jeotlon of 30 umte of another brand of insulin (“Novo") to rabbits, when "Lilly" 
insulin is added to the glucose solution, on the contrary, addition of “Novo" 
insulm to the glucose infused leads to an increase m the glucose requirements 
of the animal When sufficiently high doses of “Ltlly" insulm are added (16 
to 23 TJ/Kg /hr), no ghcote at all tt needed, the blood-sugar level never falls 
below 0 09 per cent The glycogenolytic factor is then suppbed at a rate suffi 
dent to activate the hepatic output to such an extent as to replace almost com 
pletely a contmuous glucose infusion of 1,40 g /Kg /hr From the quantitative 
data obtamed, it may be calculated that Bndge would have observed an tncrease 
tn hejxdtc glycogen, propariumale to Ihe amounl of insulin gxoen, if he had used 
another brand of insulm and if he had further mamtamed all his animals at Ihe 
tame Wood eugar level, by adequate!} regulating the glucose infusion 
We feel that we may safel} conclude that insulm itsaK exerts no glycogenolytic 
effect whatsoever, on the contrary, provided sufficient glucose is supplied to 
maintain the blood-sugar at a norma! level, hepatic glycogen will regularly be 
found to mcrease under the influence of Insulin Further obj ections winch might 
be brought agamst this condudon will be met later m this paper (see "The final 
fate of glucose disappearmg under insulm action (p 62)) 

0 The meihod of compensalion Apart from the foot that the brand of insulm 
used must bo tested as to the possible presence of a blood-sugar laismg nnpunty, 
the most important factor which should be kept m mind m all experiments con- 
cerning insulm action is the lei d of the blood-eugar Unless one wishes to study 
the reaction to hypoglycaemia, loiv blood-sugar levels must be prevented from 
occurring, moreover, the direct influence of blood-sugar concentration on blood- 
sugar disappearance must be taken mto account The moat perfect method will 
therefore be the one m which the blood sugar is contmuously maintamed at its 
normal level by an adequate infusion of glucose Already m 1929 such a method 
was devised by Bouckaert, De Nayer and Krekds (4) (6), and it has been widely 
used subsequently by Bouckaert and his co-workers Lately, de Drive and 
Bouckaert (19) have pomted out that the ongmal method can be rendered more 
serruceablo and more precise by takmg advantage of the Imear relationship exist- 
ing between blood-eugar level and consumption In both methods the inmilm 
is given massively by mtravenous injection at the beginning of the experiment 
and this mjeebon is immediatel} followed by a conbnuous mtravenous infusion 
of isotonic glucose, it can be shown that if the blood-eugar varmbons are not 
excessive, the quantity of glucose infused corresponds, with less than 6 per cent 
error, to the quantity which has effectively disappeared under insulm acbon and 
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provides a very accurate measure of this action At least, this will be true if the 
independent and automatic influence of the blood-sugar level itself is taken into 
account This was done m the ongmal method by reta ining only those experi- 
ments m which the blood-sugar curve constantly remamed withm “physiological 
limits”, a large number of experiments had thereby to be discarded and the 
method proved onerous and unpractical In the new method, the mean blood- 
sugar level G IB calculated from the blood-sugar curve, and D bemg the quantity 
of glucose given (i e , consumed at a mean blood-sugar value G), the quantity 
Do which should have been gwen to mamtam a normal blood-sugar concentration 
Go IS calculated by the experimentally established formula 

Do = D X 

Through this simple mathematical process, the range of blood-sugar curves 
which remains of practical use is far greater, and the measure of itihuIiti action is 
far more accurate as all the results are reduced to an identical blood-sugar level 
Go, the mdependent influence of the level of the blood-sugar bemg thereby elim- 
mated When assays of this type are performed on a set of similar animals, the 
values of Do usually differ from one animal to the other and can be represented 
by only a mean value Finally, the mean value of Do thus obtamed provides 
a quantitative test of the action of a given dose of insuhn on a given type of ani- 
mal 

Another modification of the ongmal method has been devised by De Maeyer 
and De Graer (16) In this second method, the values of G are plotted agamst 
the values of D, and the most probable curve relatmg D and G is calculated 
The mtersection of this curve with a vertical hue passmg through the value of 
abscissa Go furnishes directly the most probable value of Do The two methods 
give almost identical results 

It IS to be noted that both these methods imply the use of statistical formulae 
It IS very important, especially m biological research where the number of ex- 
periments IS usually small, that statistical results should be presented properly, 
that IS, accompanied by their dispersion This can be done with the aid of the 
formulae given by Fidier (30) m his book, Stalisiical methods for research workers 
(see also (16) (19) (27)) 

d The site of insulin action For more than 50 years, two theones have been 
opposed to explam the ongm of diabetic hjqierglycaemia and of msuhn hsqio- 
glycaemia Accordmg to one theory, the mam site of msuhn action is the hver 
and diabetic hyperglycaemia is mainly due to overproduction of glucose m this 
organ, while- msuhn hypoglycaemia is essentially a result of an inhibitory action 
on hver glycogenesis Accordmg to the other, msuhn acts mostly on the muscles, 
non-utilization of glucose bemg -the cause of diabetic hyperglycaemia, excessive 
utilization that of msulm hjqioglycaemia In this second theory, it is assumed 
that the mtense variations m hepatic metabolism which undoubtedly occur m 
diabetic p-pnuals are mainly due to secondary reactions provoked by the primary 
^ucose need of the muscles 
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TTp to 1030, the muscular theory ivas advocated by a majonty of authors and 
IB still mdely accepted today The argument* for it are manifold 1 'While the 
fact that insulin acts directly on the glucose consumption of muscle tissue was 
firmly established by a great number of authors, none of the experiments earned 
out to reveal a sunilar action on the isolated Irver bad given conclusive results. 
2 'While, on the whole animal, changes m muscular metabolism were fairly 
regular after admimstration of msulm, hepatic responses to insubn proved ex- 
cessively variable and wore even often "abnormal,” i e similar to those ocourmg 
after pancreatectomy 3 Some well known experiments, namely those by Mann 
and Magath, Lesser and co-workers, Con and Con, Best, Dale, Hoet and Marks 
appeared particularly demonstrative and have been frequently quoted m sup- 
port of the muscular theory 

Bmce then, the hepatic theory has gained ground thanks to the work of Soekm 
and his co-workers, nevertheless, none of Soakm’s experiments conclusively dis- 
proves the hypothesis of an mdirect action of msulin on the hver 
In order to measure quantitatively the amount of glucoee which disappears 
respectively m the hver and m the penphetal tissues under the acbon of insuhn, 
we have earned out comparative teste, using the method described above, on 
whole dogs, on hepateotomiied dogs, eviscerated dogs and pancreatectomised 
hepatectomised dogs, either recavmg super maximal doses of msulm or recetvmg 
no insuhn at all (do Duve et al (1946) (20)) 

Our results show not only that msulm may mhibit completely hepatro glyco- 
genesis m the animal with a normal blood-sugar but may even further lower the 
hepatic threshold, thereby considerably moreasmg glucose retention by the liver 
They prove that insuhn acts directly on the liver and that the hepabo acbon is 
more imporant than the pcnpheral action 
Hero IB a more detailed desenpbon of the procedure followed m these expen 
ments 

Using the method described in the preceding chapter, we have asccrtamed that, 
to maintam a normal blood-sugar level m a dog constantly dunng 80 mmutes 
after he had received a super maximal dose of msulin given mtravenously, it is 
necessaiy to provide, by continuous mteavenous infusion, a total quantity of 
glucose equal to 2,10 gr /Kgr From this result may bo gathered that the var- 
ious tissues of a dog sabirated with insuhn remove from the blood stream largo 
quanbbea of glucose corresponding to 2,10 gr /Kgr /80 mm provided the blood- 
sugar level itself does not vary It wiH bo remembered that if the rate of glucose 
infusion is such that vanabons of the blood sugar level occur, this would, imder 
the same condibons of insulin excess, affect the quantity removed, this quanbty 
bemg larger than 2,10 gr /Kgr if the dog becomes hyperglycaemio, smaller if 
hypoglycaemia occurs Wo may further assume that, m this experiment, the 
acbon of msulin is observed as much ns possible imcomphcated by other factors, 
such as adrenahn and other blood-sugar raismg hormones, whose secretion would 
be mcreased if the animal wore allowed to become hypoglycnemic 
The pomt wo wanted to mvesbgate was the behaviour of the hver under those 
condibons. We know that the hver of the fasting dog secretes mto the blood 
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stream a quantity of glucose covering the total consumption of the penpheral 
tissues We know also of three factors which may alter this process adrenahn 
will stimulate sugar formation m the liver by activatmg glycogenolysis, pituitary 
and cortical hormones will stimulate it also, mamly by promotmg glyconeo- 
genesis, finally, blood-sugar level variations will directly affect the hepatic glucose 
output, hypoglycaemia leadmg to its mcrease and hyperglycaemia brmgmg about 
an inhibition of this process, an inhibition which may be partial, or complete, 
or may even give place to the opposite process of retention, accordmg to the m- 
tensity of the hyperglycaemia obtamed In our experiments, changes m blood- 
sugar level are avoided so far as this is possible, on the other hand, we have no 
reason to beheve that important alterations take place m the secretion of the 
adrenal and pitmtary glands, smce their most powerful stimulant, which is the 
blood sugar level itself, suffers no great vanations 

The most important factor obtaining under these experimental conditions will 
be therefore the considerable excess of msuhn to which the animal is submitted, 
and these conditions appear particularly smtable for the study of the hepatic 
reaction to this hormone 

If we assume that msuhn does not at all affect hepatic metabolism, we must 
expect the hepatic glucose output to contmue undisturbed and the quantity of 
glucose thus poured mto the bloodstream will add itself to that given by mfusion 
to meet the requirements of the penpheral tissues, m that case the value of 2,10 
gr /Kgr should mdicate the difference between the penpheral requirements of 
the animal saturated with msuhn and those of the animal receivmg physiological 
amounts of msuhn from its own pancreas If msuhn does promote sugar forma- 
tion m the liver, the excess of glucose thus provided would have to be added to 
the quantity mfused, the sum of the three bemg equal to the penpheral require- 
ments of the msulmized animal On the other hand, if msuhn partially inhibits 
sugar formation m the hver, the penpheral requirements of the msulmized animal 
will be less than the normal fastmg glucose output plus 2,10 gr /Kgr , but they 
wiU still be larger than 2,10 gr /Kgr , if msuhn completely inhibits sugar forma- 
tion m the hver, the penpheral requirements of the msulmized animal will be 
exactly 2,10 gr /Kgr , and finally, if msuhn not only inhibits sugar formation m 
the hver but further promotes hepatic retention of glucose, the penpheral re- 
quirements of the msulmized animal will be smaller than 2,10 gr /Kgr by a quan- 
tity fequal to that taken up by the hver under the influence of msuhn 

It IS clear than an adequate measurement of the penpheral glucose requirements 
of an animal saturated with msuhn will allow us to distmguish between these 
vanous hypotheses We have therefore determmed the quantity of glucose 
which must be f unused by contmuous infusion to mamtam a constantly normal 
^blood sugar level on a number of hepatectomized and totally eviscerated dogs 
receivmg a super-maximal dose of msuhn. We have also earned out similar 
determmations on hepatectomized, on totally eviscerated and on pancreatecto- 
mized-hepatectomized dogs, recavmg no msuhn 

The vanous results obtamed are summarized m table 1 

The most significant results are those obtamed on hepatectomized and evis- 
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cerated dogs receivnig large amounts of maulm, they show that exclumon of the 
liver strongly diminishes the glucose requirements of the msuliniied animal and 
enforce the conclusion that msnlin given m large amounts to an animal whose 
blood-sugar level is kept normal by a contmuous infusion of glucose, not only 
completely inhibits the hepatio glucose-output, but even considerably activates 
glucose retention by the liver, the amount of glucose taken up by the liver under 
those conditions (2,10 — 0,40 = 1,70 gr /Kgr /SO mm.) being much larger 
than, the total amount tsien up by all the other tissues (0,40 gr /Kgr /SO mm.) 

A more detailed discussion of the results serves to emphaaiie this conclusion. 
The results obtamed on the hepateotomiied animals receiving no msulin give ua 
an idea of the state existing m the normal fasting animal supphed with insulin 
from its own pancreas. Its pcnpheral glucose requirements are 0,32 gr /Kgr /80 
min , there is no mdlcation that hepatoctomy diminishes the glucose consumption 
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of the peripheral tissues, amce this figure is not smaller than those obtamed by 
other authors, some of them on intact animals.* 

We may take it, therefore, that the pcnpheral tissues of the normal fasting 
animai take up 0,32 gr /Kgr /80 min of ^ucose from the blood stream, the same 
quantity bei n g poured mto the blood-stream by the b\ er In other words, the 
bver supplied with physiological amounts of msulm secretes 0,32 gr /Kgr /80 
mm of glucose, under the influence of the excess of insulm mjeoted, glucose re- 
tention by the bver passes from a negative figure of —0,32 to a positive one of 
-H,70/Kgr /80 min the total change on balance produced bemg, therefore, 
2,02 gr /Kgr /80 min Under the influence of the same excess of msulm, pe- 
npheral consumption is raised from 0,32 to 0,40 gr /Kgr /80 mm the excess of 

• On the contrary there seemB to be rather an Increase in the periphoral consumption of 
glucose after hepatoctomy See p 61-62 
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glucosetaken up bemg0,08 gr /Kgr /80mm It is clear that doses of msulinhigher 
than the physiologically secreted amounts of this hormone act almost exclusively 
on the hver, where they promote glucose-retention m a remarkable way, the ratio- 
hepatic action/penpheral action bemg 25 (table 2) 

On the other hand, the smaller physiological doses of insuhn exert a strong 
action on the penpheral tissues This is shown by the results obtamed on evis- 
cerated and on pancreatectormzed-hepatectomized animals receiving no insnlm 
The smallest figure we have obtamed for the penpheral consumption of an animal 
completely depnved of insuhn is 0,09 gr /K^ /80 mm It will be remembered 
that this figure has been reduced to that for a normal blood-sugar level, m reality, 
a consumption of 0,24 gr /Kgr /80 mm has been observed at a mean glycaemia 
of 0,-239 per cent 

By comparmg this figure with that observed on the hepatectomized animal 
supphed with msuhn from its own pancreas (0,32 gr /Kgr /80 mm ), we find that 
physiological amounts of msuhn promote the penpheral disappearance of 0,23 
gr /Kg /80 mm of glucose The figure obtamed on the eviscerated animal 
(acutely pancreatectomized-hepatectomized) is an mtermediate one (0,18 


TABLE 2 


AMOUWTS OP IKStTLIN AVAILABLE 

AMOUNTB 07 GLUCOSE TAEEN UP AT 

A KOEUAL BB LEVEL 

OE /KOE /BO lUK 

EATIO HEPATIC 
ACnoN/PEElPHEEAL 
ACTION 

Liver 

other Umes 

Super-maximal 

Physiological 


-1-0,40 

-f0,32 

/ 

Difference 

-f2,02 

-f0,08 

26 


gr /Kgr /80 mm ), showing that the msuhn remammg m the tissues immediately 
after pancreatectomy still favours glucose consumption to a certam extent 
In order to determme the ratio hepatic action/penpheral action of physio- 
logical amounts of msuhn, we should know to what extent the msuhn secreted 
by the pancreas inhibits sugar-formation m the hver of the fastmg normal am- 
mal, m other words, we should know how much glucose would be poured mto 
the bloodstream by the liver of an animal, completely depnved of msuhn with- 
out the blood sugar level havmg changed This figure cannot be obtamed ex- 
expenmentally , even without takmg mto consideration the change m blood sugar 
level, the hepatic glucose output of a diabetic ammal would probably vary con- 
siderably accordmg to its state of nutntion and to the degree of ketogenesis at- 
tamed In the most favourable conditions, such as m the protem-fed diabetic 
animal, the hver supphes large amounts of glucose to the blood stream, covenng 
the penpheral needs (approximately normal) and the renal excretion Takmg 
into account the inhibition of the hepatic output produced by the high blood- 
sugar level, we have estimated that the hver of a dog, kept at a normal blood 
sugar level and completely depnved of msuhn would secrete mto the bloodstream 
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apprtranmtdy 0^6 gr /Kgr /80 min. (de Duve (27)) Although this figure rests 
on only very indirect evidence, it may serve to emphnmie an important fact, 
for there is httle chance that the hepatic action of physiological amounts of m 
Bulm IS more than that of reducmg the hepatic output from 0,85 to 0,32 gr/Kgr/ 
80 mm,, Le., that of favouring the retention of more than 0,53 gr /Kgr /80 nun 
of glucose And ive may take it that the ratio hepatic action/penpheral action 
of these small doses of insuhn ivill hardly exceed the value of 2 (table 3) 

The same reasoning applied to the total action of a super maximal dose of m 
euhn fumidiea for the ratio hepatic action/peripheral action, a value of approii 
mately 8 (table 4) 
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Finally, we may conclude 

1 That the higher the dose of insuhn, the more it tends to act on the hver, 
the maximal odtce do« must therefore bo much higher for the hver than for the 
other tissues 

2 That, whatever the dose of insuhn present, and especially with the larger 
ones, much more glucose is taken up by the liver than by the other tissues under 
the m flu ence of insulin, consequently the maximal amount of glucose which can 
bo taken up under the mfluence of Inmlin at a normal blood-sugar level is also 
much larger for the liver than for all the other tissues 

Taken together, these facts prove that insulin exerts a direct and powerful 
action on the hver and that this action is far more important, quantitatively, 
than its peripheral action 

These results are m full agreement with those of Soslan’s and, added to them, 
should afford convmcmg proof of the essential and central rile played by the liver 
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ID the processes of blood-sugar regulation They raise many questions and lead 
to many conclusionSj of which we can only, and veiy briefly, mention the most 
important ones 

One may wonder, first of all, how this important action has escaped the atten- 
tion of so many authors and has even been emphatically denied by some Two 
facts are mainly responsible for this 1 As we have already mentioned above, 
neglect of the importance of the blood-sugar level has led to many erroneous 
results, particularly m those experiments where hsqioglycaemia has not been 
avoided It is clear that the antagonistic reactions occurrmg m h3T30gIycaemic 
animals consist essentially m a discharge of hormones which stimulate the glucose 
production of the hver and thereby electively oppose the hepatic action of 
insulm without mterfenng with its peripheral action The use of impure insulm, 
contaminated by a blood-sugar raismg factor, has also furnished faulty results 
2 The hepatic systems on which insulm acts are extremely fragile We were 
able to note this fragihty m a number of experiments (21) (23), m which ive ob- 
served a deleterious effect on msulm action of vanous factors (adrenahn, an- 
esthetics, hyperventilation, hypoventilation, spmahsation) Of aU these factors, 
reduction of the oxygen-supply and spmalisation were the most noxious The 
fact that msulm is inactive on the perfused hver is therefore not astomshmg, 
especially if it be remembered that the hver is particularly well supphed m en- 
zymes of aU sorts and for that reason, very sensitive to autolytic influences It 
may be further added that our experiments do not allow us to exclude the pos- 
sibihty that insulm, as has been suggested by Nielsen (52), must be activated 
by a substance of muscular ongm, to be active on the hver 

If a complete survey of the earher hterature were made with these fact ms 
mmd, it would be clear that a feehng of distrust toward the existence of a hepatic 
action of msuhn was created not so much by lack of evidence as by the confusmg 
amount of contradictoiy results obtamed m this field Once these contra- 
dictions are satisfactorily accounted for, the evidence m favour of the hepatic 
theory becomes overwhehnmg 

It may be objected to our experiments that the figures for penpheral glucose 
consumption obtamed on anesthetized and artificially ventilated animals, sub- 
mitted to severe operative mterference, cannot be apphed as such to the normal 
animal This objection is easily met 1 Our results are m close agreement with 
those obtamed by vanous other authors who have earned out similar experiments, 
diowmg that the techmque used m our experiments is not infenor to that used by 
other authors 2 As far as the vahdity of the techmque itself is concerned, an 
mterestmg fact emerges from a comparison of our results with those of Cherry 
and Crandall (10) and of Soskm, Essex, Hemck, and Mann (59) Cherry and 
Crandall (10) have measured the hepatic glucose output of normal unanesthetized 
dogs, by means of the angiostomy method, they find that the hver secretes 9,1 
± 0,68 mgr of glucose p 100 ml of hepatic blood flow Accordmg to the results 
of Blalock and Mason (1), the mean hepatic blood flov of the normal dog is 
28,6 ml /Kgr /min From these two figures it may be calculated that the mean 
hepatic ^ucose output of a normal unanesthetized dog, and consequently also 
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his mean per pheral glucose consumption, amounts to 0,21 gr ± 0,02/Egr / 
80 Trim Usmg a sunilar method Soskin, Essex, Hemck and Mann (69) have 
measured simultaneously the hepatic glucose output and the hepatic bloodflow 
of anesthetiied dogs, before and after administration of varying amounts of 
glucose If we smglo out m their experiments the 6 figures obtained on dogs with 
a normal blood-sugar level, we find a mean value of 0,21 ± 0,12 gr /Kgr /80 min 
There Is no mdication, therefore, that the anesthesia has greatly modified either 
the hepatic output or the peripheral consumption m these animala Finally, we 
ourselves have found for the penpheral oonsumpbon of anesthetued, hepatecto- 
mmed dogs a mean value of 0,32 ± 0,08 gr /Kgr /80 mm Neither the anesthesia 
nor the exclusion of the hvcr seem to have brought about any dimmution of the 
capaoiy of the peripheral tissues to take up blood glucose. On the contrary, 
the figure found on the hepatectonmed dog appears to be signifioantly higher than 
that observed on the mtact animaL The obvious explanation of this difference 
seems to be that, in the hepatectomiiod animal, all the insuhn secreted by the 
pancreas is carried out directly to the penpheral tissues, whereas m the mtact 
animal, part of it is retained by the Uver This view is supported by the fact that, 
m the tbtally eviscerated dog, the penpheral oonsumpbon is much smaller, ap- 
proaohmg the value observed on the mtact animal (0,18 gr /Kgr /80 min.) 

In the latter case no insuhn at all is conveyed to the bssues during the eipen 
ment, but, conridermg the exiienment la carried out immediately after the opera- 
bon 18 performed, the effect of the insuhn present m the tissues must be expected 
to wear off only gradually, which accounts for the fact that the glucose uptake of 
the eviscerated dog appears to be only ah^Uy lower than the penpheral consump- 
bon of the mtact animal 

3 Finally, it may be noted that both the hepatectomued and the eviscerated 
dog are perfectly senabve to their own insuhn as well as to externally provided 
insulm 

All these facts seem to deal satisfactorily with the objeebon that the important 
reduobon of the capacity to utahie glucose under the influence of insuhn, brought 
about by exbrpation of the liver, could be due to a depressing influence of the 
opemfave interferences on the penpheral capacity of ubhsabon On the other 
hand, the vanous qunnbtabve data by which we have tned to systematize our 
results may have to bo revised m view of the fact that hepatectomy apparently 
induces a state of relabve hypermsuhncmia m the penpheral tissues. K we 
take as a more probable value for the penpheral consumpbon of a normal dog, 
the figure of 0,21 gr /Kgr /80 mm , observed on mtact animals both by Cherry 
and Crandall and by Soskm H aL, the figures given above should he changed to 
the following values 

Hepatic retenbon with physiological amounts of insuhn —0,21 
Penpheral consumpbon with physiological amounts of mniilin -t-0,21 
Hepabo retenbon with complete lack of insuhn approximatdy —0,69 

In that case, the final figures given m tables 2, 3 and 4 should be replaced as 
follows (table 6) 

It IS clear that these correchons do not affect at all our main ccmduaions. In- 
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deed, they appear to provide corroborative evidence in favour of a prevalent 
action of insulin on the hver From the comparison which has been drawn be- 
tween our results and those of Cherry and Crandall and of Soskm et al , it appears 
that, through extirpation of the hver, the amount of glucose disappeanng m the 
penpheral tissues under the action of physiologically secreted maiilin is almost 
doubled As the relation between the amount of ^ucose consumed under the 
influence of insuhn and the amount of msuhn present m the animal is represented 
by a typical saturation curve (Bouckaert, De Nayer and Krekels (4) (5)), it 
follows that the amount of msuhn made available to the penpheral tissues by 
hepatectomy is more than doubled, m other words, that the hver normally re- 
tains the largest part of the msuhn secreted by the pancreas As has been shown, 
this fraction is not merely retamed by the hver to be destroyed, but exerts a 
powerful action on this organ The possibihty remains, all the same, that the 
hver may also mtervene m regulatmg the blood-sugar level, by allowmg more or 
less insulin to reach the penpheral tissues 

e The final foie of glucose dtsappeanng under insidin action A general answer 
to this question can easily be drawn from the results obtamed m our laboratory 


TABLE 5 
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by Bouckaert and Stncker (3) m 1924 and by Lamers (38) m 1926 Bouckaert 
and Stncker have measured by direct calorimetry the heat production of 
rabbits receivmg glucose and msuhn and observe a maximum rise of 10 per cent 
Lamers, using mdirect calorimetry, has measured the total heat-production and 
the respiratory quotient of rabbits m the same conditions Accordmg to his 
results, the bsisal metabohsm suffers only slight variations but there occurs a de- 
fimte nse m R Q , approachmg umty From these data, the total amount of 
carbohydrate oxidized can be denved 

The experiments were performed before the method of compensation was 
standardized, m some the glucose was administered subcutaneously, m others 
mtravenously but a precise measure of the quantity which had disappeared was 
not available Luckily, m a number of those experiments, super-maxunal doses 
of inRiilm were used and the glycaemic curve is contamed withm physiological 
limits, from the data obtamed subsequently by Bouckaert, De Nayer and Krekels 
(4) (6), we know the exact amount of glucose which has disappeared under those 
conditions and can now compare this amount with the amount oxidized 

This comparison has been done recently m a paper by Bouckaert and De 
Najer (1945) (7) and leads to the conclusion that only 60 per cent of the total 
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amount of glucose taken up man the tissues has been oxidued We must assume 
therefore that the other half has been stored under form of reserve substances, 
probably by oxidative syntheds. But, as the rise m glucose oxidation is not 
associated with a corresponding nae m total metabolism, it follows that an equiv- 
alent amount of protem and fat must have been spared as a result of the oxida- 
tion of the first half 

If we assume that a quantity 2 A has disappeared under insuhn action, the final 
fate of this quantity may be gathered from the following data A will be oxidised 
but the energy yidded by this reaction will be stored as chemical energy by the 
Biiarmg of an equivalent amount of reserve substances, a further quantity a 
A will also be oxidised and the energy yidded will serve for the conversion of the 
remammg quantity (1 — a) A mto reserve substances Therefore, for every 
loss of ghicose there is a corre^onding gam of reserve substances, either spared 
or newly formed, and we may condude that token glucose disappears tender tnsultn 
adton the mam result is the consenatum and possibl]/ the synthesis of reserve sub- 
stances 

A more detailed dcsonpbon of the processes involx ed raises four questions 

1 What are the reserve substances, which are spared or synthesued as a re- 
sult of glucose disappearance under msuhn action? The most important one la 
certainly glycogen From the value of the R.Q of the fnstmg animal, we deduce 
that part of its caloric requirements is fumidied by direct oxidation of carbo- 
hydrate, this carbohydrate is almost exdumvely present under the form of glyco- 
gen When glucose is given along with msuhn, this part of the caloric require- 
ments is now met by tho oxidation of glucose and an equivalent part of glyco- 
gen IB spared Moreover, many experiments show that glycogen is also newly 
formed when suffident quantities of glucose and insuhn are given But the spar 
bg action does not stop at glycogen and affects also fat and protem oxidation, 
otherwise a rise m R.Q would not occur And there is good evidence that, b 
certain conditions, fat and proteb will not only bo glared, but also be newly 
formed, when great amounts of glucose disappear under insuhn action 

2 Do these results fit m with on essentially hepatio theory of msuhn action? 
They definitely do ao, for it wili be remembered that tho normal penpheral re- 
quuements are mot mainly by glucose present b the blood Tbs glucose is pro- 
vided, b the fasting animal, by formation from glycogen, protem and possibly 
fat, which takes place b the liver Therefore the sparing notion affects obefly 
hepatic metabolism, where glycogenolysiB and glyconeogenesis ivill bo strongly 
inhibited, and it follows naturally that the mam site of synthetic processes 
will also be the hver Of course, penpheml metabolism will be influenced as 
well, especially by the smaller doses of mmilin this action will affect muscular 
glycogen reserves and penpheral stores of fat and protem 

3 Does the great amount of expenmaital work devoted to tbs subject sup- 
port this theory? As we have pomted out before, many of the results obtamed 
by different authors are contiadiotoiy, so that, taken together, they furnish b 
sufficient evidence m favour of any theory of msuhn action It can be shown, 
however, that these contradictions are only apparent and are mainly due to differ- 
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ences of technique leading to erroneous interpretations We can only deal very 
bnefly with this important aspect of the problem, refernng for further details 
to the work of de Duve (27), already mentioned, m which the former literature 
has been cntically exammed and remterpreted 

It will be clear by now that the blood-sugar level plays the most important part 
m this remterpretation First of aU, consideration of its importance allows the 
discardmg of aU experiments where marked hypoglycaemia has been provoked 
by msuhn, insufficiently compensated with glucose, for the results obtamed m 
those experiments are partly due to hormones antagonistic to msulm, such as 
adrenahn, diabetogemc pituitaiy factors, cortm , etc This group will be found to 
comprise most of the experiments in which “diabetic" phenomena have been 
noted to occur after mjection of msulm or m which the normal effects of msulm 
have failed to occur, for instance those m which either no rise or a lowermg of the 
R Q has been noted, those m which either no decrease or an mcrease m iptrogen 
excretion, or m ketogenesis and fat catabolism, have been observed, etc De- 
creases m hver glycogen also chiefly occur m hypoglycaemic animals, this ques- 
tion has already been dealt with (see “The so-called glycogenolytic action of 
msuhn", p 42) 

The question of blood-sugar level also mtervenes m the mterpretation of a 
second group of experiments, namely, those m which equal quantities of glucose 
are given to animals, one half of which are subjected additionally to an mjection of 
msulm Comparison of the results obtamed on the msulmized animals with 
those observed on the non-msulmized animab frequently enforces the conclusion 
that addition of insulin does not had to a greater formation of this or that sub- 
stance than IS produced by the glucose itself. Cunously enough, most authors 
have faded to note the important significance of this conclusion If both the 
msulmized and the non-insuhnized animal receive the same quantity of glucose, 
it IS clear that m both ammals the same quantity of glucose wdl have finally dis- 
appeared from the blood-stream mto the tissues If therefore a greater quantity 
of it IS not found under one specific form, this only shows that insulin does not 
favour one ‘path of disappearance against the other, but treats all paths of disappear- 
ance alike The one great difference between the msulmized animal and the non- 
msuhnized animal hes m the difference in blood-sugar level at which the disappear- 
ance of the same quantity of glucose takes place along the same paths If the 
same experiment were performed m simdar conditions of glycaemia, a greater 
quantity of glucose should have to be mjected to the msuhnized animal to mam- 
tam a blood-sugar level identical to that of the non-msulmized animal, the auto- 
matic influence of the glycaemic difference woidd then be ehmmated and an 
mcrease m the formation of the substance studied with respect to the non-m- 
suhnized animal would mdeed be noted 

Such results are extremely mterestmg, because they tend to show that the fate 
of glucose disappearing under insulin action is not different from the fate of glucose 
disappearing under the automatic influence of an increase of its concentration in the 
blood, whatever the quantity of insulin available This fact is confirmed by the 
many experiments, m which the effects of glucose itself have been studied, it is 
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well known that provoked hyperglycaenua leads to an increase of the R Q. and 
of hepatic and muscular glycogen reserves, exerts a sparmg action on fat and 
protem catabolism and even furthers the synthesis of those substances All these 
actions can be also attributed to insulm. Further confirmation is furnished by 
the experiments earned out on diabetic animals and showing that all the meta- 
bohe processes known to bo furthered by insulm can be promoted without insulm 
being present, provided the blood-sugar level is sufficiently raised 

It becomes easily understandable hereafter why expenments performed on 
hypoglycaemic animals have furnished such mideadmg results. In a first stage 
of these expenments, insulm will promote the disappearance of the small quanti 
ties of glucose present m the blood-stream, creating hypoglycaemia, m a second 
stage, a stimulation of hepatic glycogcnesis will take place under the influence of 
the blood-sugar raismg factors secreted through reflex reactions against hypogly- 
caemia, glucose will then be secreted mto the blood-stream and will be further 
metabolized under the influence of insulm m the tissues not mvolved m the an- 
tagonistic reactions, that is mamly m the extra-hepabe tissues, the final result 
will be an deotrve furthering of penpheral consumption, frequently combmed 
with activation of hepatic glycogenesia. The results might have been different 
if msiilin had proved to be an activator of one specifio reaction of glucose metab- 
olism, such as glycogen synthesia, for instance, but we have seen that this is not 
the case. 

Once these important facts are made dear, the mterpretation of apparently 
conflictmg results presents httle difficulty and all expenments which are not 
open to snnnar cntlcism are found to agree with the theory expounded above. 
In a few coses, the problem is less simple and some results remam difficult to 
explam Some of these are duo, as has been shown above, to the presence of a 
^ycogenolytic substance m certam samples of insulm Another instance of 
them is furnished by the recent results of Bntton and Corey (9) (12), in which it 
IS stated that cortm, but not insulm, promotes the aynthesis of hepatic glycogen 
Wo have expounded elsewhere why we do not think then- results with insulm to 
bo condusive (24) (27) and only wish here to emphasize the fact that cortm, as 
wdl as anterior pituitary extracts, further ^ycogen syntheds by furthering 
^yconeogeneeis, and perhaps also by aoUvatmg phosphorylase (Verzor), while 
msuhn promotes ^ycogen formation m the hver by moreasing the total amount 
of glucose taken up by the liver from the blood-stream As a result of this, 
an mcreose m hepabo glycogen win be best obtamed by the combmed acbon of 
insulm and of cortm or anterior pibutary extract, for glycogen will be the only 
form under which the glucose taken up by the liver from the blood stream as 
wdl as that produced m the liver from protein and fat can be stored This has 
been condusrvdy proved by Marks and Young (47) and by Loubabfcres (42) 
But there is no reason why excessive stimulation of glyconeogenesis (by cortin) 
should imt further glycogen formabon either in the hver of pancreatectomized 
animals or m the perfused liver, on the other hand, mhibibon of glyconeogenesis 
(by corbceotomy) may alter the fate of glucose taken up by the liver under m- 
suhn acbon by favouring the paths leadmg to protem and fat agamst that lending 
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to glycogen, this will particularly be true if Verzar’s theory be confirmed, as 
glycogen synthesis would then itself be unpaired 
4 Finally one may wonder how msulm promotes glucose disappearance and 
creates such complex metabolic changes mvolvmg fat and protem as well as 
carbohydrate metabolism To answer this question, it is necessary to outhne 
bnefly the theory of msuhn action which will be further expounded at the end of 
this paper 

This theory is based essentially on the analogy existing between the effects pro- 
duced either by an increase in the blood-sugar level vnthout addition of insidin or by a 
discharge of insulin vnthout variation of the blood-sugar level 
In both cases, as is shown by a comparison of the results of Bouckaert, De 
Nayer and Krekels (4) (5) with those of de Duve and Bouckaert (19), a surplus 
of glucose disappears from the blood-stream In both cases, as may be inferred 
from our own results (20) compared with those obtamed by Soskm, AUweiss and 
Cohn (67), Soskm, Essex, Hemck and Mann (69), the mam site of this disap- 
pearance IS the hver, only a relatively small fraction of the total amount disap- 
pearmg m the extra-hepatic tissues In both cases finally, as it has just been 
shown, the final fate of the glucose disappearmg is the same 
The question stated above can therefore best be answered by identifying first 
the mechanism by which the concentration of glucose itself promotes its own dis- 
appearance It will be remembered that this relationship is mdependent of all 
neuro-hormonal control and must be due to the biochemical properties of the 
tissues mvolved The law of mass action, apphed to the mitial reaction by which 
glucose enters the metabohc processes, provides an adequate explanation of this 
phenomenon Indeed, this imtial reaction may be represented by the equation 

Glucose (+ A • ) — > X 

and its veloaty wiU be mcreased by an mcrease m glucose concentration 
But this will lead to an mcrease m the concentration of X, which in its turn wiU 
mcrease the velocity of its disappearance, and so on By virtue of the law of 
mass-action, the mcrease m glucose concentration will finally accelerate the 
whole cham of metabohc reactions conditionmg its disappearance Moreover 
its final fate will be different m different tissues, according to the biochemical 
potentiahties of each tissue Muscle tissue, for instance, will mamly oxidise 
glucose and convert it mto glycogen, fatty tissue will synthesize fat out of it, etc 
In addition to this, the sparmg action of glucose on protem and fat must also 
be explamed A possible explanation may be furnished by the fact that glucose 
and its immediate denvates have greater reducmg powers than most metabohc 
substances and are therefore more easdy oxidizable 
In the presence of a limit s supply of oxygen, the oxidation of glucose would, 
for that reason, be pnvil^ed against that of other substances, and the sparmg 
action of glucose would be nothmg but a consequence of the fact that, m most 
cases, fat and protem are oxidized m the cells only when oxygen is rendered avail- 
able by relative scarcity of glucose Such an mterpretation, coupled with the 
notion of “biochemical inertia” emphasized by Soskm and Mirsky (58) will be 
found to afford a satisfactory explanation of the gradual shifting of metabolism 
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to proteiri and fat, brou^t about by inanition or low carbohydrate dicta, and (i 
the cnbancmg effect of nch carbohydrate diets on glucose tolerance Vanationa 
of the hormonal balance are of course also involved in these processes, what we 
wish to point out IS that they are not the only factor rcaponsiblo for them 

If this mterpretation of the automatic effect of glucose concentration on glucose 
consumption be accepted, it follows necessarily from the similarity between this 
effect and the action of insuhn, that tnsuha must produce the same primary re- 
sults as an mcrease of the blood sugar level In other words, insuhn must also 
accelerate the mitial reaction by which glucose enters the metabohe processes 
and must therefore be an activator of the onsymes responsible for that reaction 
Such an explanation w ould account for all the phenomena* which are to be attrib- 
uted to inmilin action In particular, it would explam how insulin olloua glvcose 
to exert its multiple ejects on hepotic and peripheral melabohsm at lower concentra 
turns than would oibervme be neceteary 

This theory can be tested by examining whether the substance X of the equa 
tion is effectively formed m greater quantity under the influence of insulm, m 
other words, by determimng the immediate fate of glucose disappearing under 
insuhn action. 

f The immediate fate of glucose dieappeanng under insulin action ‘ We have 
intentionally represented by the symbol X the first substance mto which glucose 
IS converted m the tissues, because the nature of this substance is not known with 
certamty Accordmg to one school, led by Pamas, it is glycogen, other authors, 
with Meyerhof, identifv it with hexose-monophosphate Both alternatives have 
been considered m our laboratory m cormection with insulm action In 1932, Do 
Nayer (17) determined the amount of glycogen present m two homologous 
muscles of rabbits, whose n ischiatici had been proviously cut to prevent muscu- 
lar contractions, one muscle being taken before, the other after an mjection of 
inmilm adequately compensated by a continuous mfusion of glucose. He has 
found that, although super mscdmal doses of tnwibn were given, there was no 
mcrease but also no decrease (sparing action) in muscle glycogen, as long as the 

^Batono Seelater 1) TbQaotloQo{lQ8\ilmonprot«innutftbDliBiii,p 60 

* Tlie authors to mak« It clear that vfaen this paper was eeni in for pubbeation, the 
later American liUratiire was not yet av^lable in Belgiom Even though aome of the 
facta and theories diacuased in these later chapters may now appear obsolete in the light 
of the recent hndlnp on glucose pbosphorylaUon by the Cons and their co workers, they 
hare preferred not to alter the origlrial teat in view of the material dUEculUea it would 
involve, and to go on stating the ease as they were able to make it out under the condiUons 
of enforced isolation impoeed by the war 

Mention muat at least bo made of the recent announcement made by Price Colowick 
and Cori (J Biol Cheiru 160 633, 1046) that insulin is capable of reaeUvating in vivo* 
and m vitro * muscle hesoHnaso previously inhibited by anterior pituitary extract A1 
though this important observation affords only a partial explanation of the action of in 
sulin it conatitutea the first definite step towards the elucidation of its biochemical meoha 
nlsm It also confirms the concluaion drawn from our own results that Insulin must act 
as an activator of bciokinase As to the nature of this activation and of the part played 
by hexoldnaeo the new evidence brings nothing cither to prove or disprove the tentative 
oxplanatioD put forward In this paper 
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"blood-sugar level remained normal Only by mcreasmg the amount of glucose 
given and creatmg hyperglycaemia, did he succeed in promotmg further glycogen 
synthesis m the muscles Here agam, the importance of the blood sugar level 
and the superiority of the method of compensation show qmte clearly, when the 
results obtamed by De Nayer are contrasted with those achieved by other authors 
m similar experiments 

Lately, de Duve and Hers (22) (25) have performed almost identical experi- 
ments, this tune determmmg the amount of hexose-monophosphate In the 
latter experiments, further precautions were taken and a control set of deter- 
minations was made on animals suffermg the same treatment, but receivmg an 
infusion of isotonic NaCl instead of glucose and ins iilm A defimte nse m the 
content of muscle hexose-monophosphate was observed m the msuhnized animals, 
correspondmg to a major part of the glucose taken up by the penphery 
This experiment, compared with that by De Nayer, may be termed crucial, 
both m regard to glucose metabolism and to the problem of inmiliTi action It 
shows that the substance X is hexose-monosphosphate, at least for the muscles, 
thereby confinmng Meyerhof’s theory, and it proves that msuhn promotes 
the reaction leadmg from glucose to hexose-monphosphate, thereby confirmmg 
our theory of insulin action The identity between the action of msuhn and the 
automatic effect of hyperglycaemia is further demonstrated by companng these 
results with those recently obtamed by Leipert and KeUersmann (40), who have 
shown that mfusion of excess glucose leads to an mcrease of muscle hexose-mono- 
phosphate, without affectmg its content m glycogen 
We have not effected a similar test on the hver, the reason bemg that compara- 
tive determinations cannot be made on the hver of the same animal, without dis- 
turbmg the glycaemic balance But there are good reasons to bdieve that the 
uptake of glucose by the hver also occurs through phosphorylation We know, 
for instance, that adrenalm strongly antagonizes the action of msuhn and it has 
been shown that adrenalm acts on phosphorylative processes (see p 68) Ac- 
cordmg to Leipert and KeUersmann (40), absorption of glucose mcreases the con- 
tent m estenfied phosphorus of the hver, there is a good chance, consequently, 
that insulin does the same Colowick, Kalckar and Con (1941) (11) have shown 
glucose phosphorylation to take place m hepatic extract and have made a de- 
tailed study of this reaction (see p 60) FmaUy, recent experiments by Kaplan 
and Greenberg (1944) (33) (34) (35) show that glucose tolerance is duectly re- 
lated to the amount of adenosme-tnphosphate present m the hver and that both 
glucose and insulin mcrease this amount As wiU be seen, adenosme-tnphos- 
phate plays the leadmg part m glucose phosphorylation 
It can reasonably be assumed, therefore, that the immediate fate of glucose 
disappearmg under msuhn action is to be converted mto hexose-monophosphate 
m the hver as weU as m the muscles and other tissues 

g General theory of insulin action It may be useful, at this stage, to regroup 
the vanous facts discussed until now and to show bnefly how they serve to sup- 
port the theory of msulm action put forward m this paper This section may 
be considered as a summary of the previous ones 
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I The most imporfaHt fact which muBt be kept m mind la the important part 
played m blood augar regulatory proceeses by the blood-sugar level itadf The 
blood-sugar level regulates glucose consumption and production in the tissues 
both directly and mdirectly 

1 Bv virtue of the law of mass action, the velocity of the reactions which con- 
dibon glucose consumption is mcreased by a rise and decreased by a fall m blood- 
sugar level Consequently, blood sugar consumpbon is directly related to the 
blood sugar level, mdependently of all ncuro-hormonal processes, and this re 
labonship has been shown to-be hnear within a range of glycaemia not too far 
removed from its normal value 

2 Hyperglycaemia provokes blood sugar loweAng ncuro-hormonal reacbons, 
hypoglycaemia gbmulates blood sugar raismg neuro-hormonol factors, 

II Applicabon of these principles to eicpenments concerned with the acbon of 
inmilin leads to the important conclusion that vanabons m the blood-sugar level 
may considerably affect experimental results 

1 Hyperglycaemia may simulate the acbon of insulin, by automatically pro- 
mohng glucose disappearance 

2 Hyp<«iycaemia will strongly antagonise the acbon of insuhn, not only by 
the resulbng automatic decrease m glucoee consumpbon, but also by sbmulabon 
of antagonistic factors such as the orthosympathic system, adrenalm, corbn, 
anterior pituitary hormones, etc 

ConsequenUv, all experrmenta where marked hypoglycaemia occurs should be 
discarded, as the results fuimshed by them are compound actions of msuhn and 
of antagonistic factors Moreover, m all experiments which are not liable to 
such cnboBra, the automatic influence of blood sugar variations must be taken 
mto account, either by using a method m which all the animals are mamtamed 
at the same, preferably normal, blood augar level by a continuous infusion of 
glucose, or by reducing mathematically the results obtamed to the same gly- 
caermc level Both these methods have been described and extensively used by 
us, 

in As a further precaution, the brand of insulm used m the experiment must 
be tested for the presoice of a blood-sugar raismg impuntv, endowed with strong 
glvcogenolytic properties As we have been able to show, the use of such like 
msuhn may lead to gross experimental errors 

rV By using a method m which all these conditions are fulfilled, we have been 
able to demonstrate conclusively the existence and the primary importance of 
the hepatic action cf insuhn Whatever the quantity of mniilin administered, 
considembly more glucose disappears m the Uver than m the other tissues under 
its influence An excess of insuhn which does not further promote peripheral 
glucose consumption, is still capable of furthering glucose retention by the hver 

V The great number of conflicting results obtamed with imailm is mainly due 
to neglect of the blood-sugar level Proper remterpretation of those eipenmenta 
oluninates most discrepancieB and allows the fate of ^ucose dlsappearmg under 
msuhn action to bo accounted for satisfactorily It becomes qmto clear that, of 
the actions mvestigated, insulin produces no metabohe changes other than those 
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furanic cycle It may be reasonably assumed that similar changes will have to 
take place inside the molecule of glucopyranose, prior to its phosphoiylation by 
ATP , m that case, active glucose would prove to be fructofuranose, the action of 
hexokmase or glycomutm would be a temporary fixation of glucose by its carbon 
6 associated to a regroupmg of its pyramc cycle mto a furamc one, and the first 
product of glucose phosphorylation would be fructo-furanose-l-phosphate (Eobi- 
son-Tanko ester) It is to be noted that this ester has recently been isolated from 
the hver of rabbits by Pany (54) This hypothesis would explam also why fruc* 
tose IS more easily phosphoiylated than glucose, and would account for the fact 
that the presence of an active form of ^ucose m the blood has been inferred 
mainly from experiments showing that the optical activity of blood glucose was 
mfenor to the value calculated from its reducmg power 

Activation of glucose is not the only condition necessaiy to render glucose 
phosphorylation possible, aU the authors who have studied this reaction agree on 
the necessity for sunultaneous oxidative processes, actmg on a vanety of sub- 
' strates, amongst which pyruvic acid seems to be the most promment one Co- 
zymase appears to play an important part m this oxidation One may wonder 
with what particular stage of the reaction the oxidation of pyruvic acid is coupled 
It IS very unprobable that it would be phosphorylation its^, as sphttmg of ATP 
IS highly exothermic m itself Two alternatives remam, which have been 
advocated 

Accordmg to Baplan and Greenberg (1944) (33) (34) (35), the energy supplied 
by the oxidative process is used for the buildmg up of ATP The rate of phos- 
phorylation of glucose bemg directly related to the amount of adenosme-phos- 
phates available, it would be mdirectly dependent on the mtensity of the oxida- 
tions conditioning their synthesis If we accept this theory we must assume that 
glucose can also be oxidized without bemg phosphoiylated and that this oxidation 
can catalyse the synthesis of ATP, which m its turn iviU promote glucose phos- 
phorylation Otherwise, the mcrease m hver ATP observed by the authors after 
administration of glucose cannot be explamed Indeed, the experiments bv 
Colowick, Kalckar and Con (11) seem to support this assumption, for they start 
with free adenyhc acid, the pmnaiy process m these experiments must neces- 
sarily be the buildmg up of ATP 

On the other hand, there is little to show that similar processes occur “m vivo,” 
vhere ATP synthesis seems to be correlated with the breakdown of hexose-phos- 
phate rather than of glucose and can occur, as has been clearly pomted out by 
Needham (49), at two different stages of this breakdown As is well known, 
adenyhc acid by reactmg directly with phosphopyruvic acid, is rephosphorylated 
and regenerates ATP, but the oxidative formation of phosphopyruvic acid itself, 
or rather of phosphoglycenc acid, from tnose-phosphate, is also coupled with 
resjTithesis of ATP, from ADP and free phosphate this time The recent find- 
mgs of Warburg and Christian (63) and of Negdem and Bromel (50) (51), explam 
this couphng, showmg that phosphoglyceraldehyde fakes up one more phosphate 
group and that the diphosphoglycenc acid, formed by oxidation of diphospho- 
glyceraldehyd, subsequently abandons one phosphate group to ADP, convertmg 

it to ATP 
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An interesting fact emerges from these conidderationB, namely, that hexose 
diphosphate breakdown can catalyse the synthesifl of more adenosme-phosphate 
than Is consumed by its own formation out of glucose. The results of Kaplan 
and Greenberg can therefore be as eamly explained by assuming that synthesis of 
ATP IS not prior to glucose phosphorylation but is a consequence of it, through 
bemg promoted by the further breakdown of hexose-phosphate The latter ex- 
planation must mdeed be true tor the muscles, for it has been shown by leipert 
and KeUersman (1941) (40), that the accumulation of hexose-monophosphato 
occumng m the muscles after absorption of glucose goes together with a corres- 
pondmg loss of ATP The fact that, in the bver, hexose-phosphate and ATP 
both mcrease, might bo considered as evidence m favour of Kaplan and Green 
berg’s theory but it could also be interpreted as a sign that hexose-phosphate is 
much more rapidly consumed m the bver, which is mdeed the case For we 
know that glucose is much more rapidly utilired by the bver than by the muscles 
Even Bp, it 18 not possible to discriminate between both thcones, for the advocates 
of the former might argue that this supenonty of the bver is precisely due to the 
fact that bver tissue possesses more ways of building up ATP than muscle tissue 

If we accept the second alternative, that ATP synthesiB is only promoted as a 
result of hexose-phosphate breakdown, we must find another explanation of the 
coupbng of glucose phosphorylation with pyruvic acid oxidation This can 
satisfactorily be done by relatmg the oadativo process to the preliminary aotiva- 
tion of glucose Activation of a molecule consista in the bringing of this molecule 
to a higher energetic level and must necessarily be endothermic, a coupling of the 
kind we surmise appears therefore as a necessity Moreover, if it be assumed 
that hexokinase or glycomutin work m conjunction with oxidizing systems, their 
natural fragflity is easily explained 

In short, our actual knowledge concerning glucose phosphorylation allows us to 
distinguish m it 4 different steps 

1 Adsorption of glucose on glycomutin 

2 Activation of the adsorbed glucose by glycomutin, possibly by conversion 
mto fructo4umnose 

3 Phosphorylation of the activated glucose by ATP 

4. Oxidation of vanous carbohydrate denvates, principally of pyruvic acid, 
coupled either with ATP synthesis or with glucose activation. 

It IS remarkable that an action of msulin on each of these four stages has been 
described 

Let us consider first the action of insubn on the last of these steps. Early ex- 
periments by Polonovski and his co-workers have shown a lowering by insubn of 
the total amount of intermediate carbohydrate denvates present m the blood 
In 1940, activation by insulin of pyiuvio ecid disappearance was observed aunnl 
taneously by von Euler and HSgberg (28) and, in our laboratory, by Delrue and 
De Keyser (16) Vanous biochemical experiments have also furnished corrobo- 
rative evidence of an mtcrventlon of insubn m the oxidation of carbohydrate by- 
products. On the other hand, insubn has long been suspected of bemg an ach 
vator of specific cellular oxidation, from the fact that its potency is dependent on 
the number of disulphide bonds present in its molecule It is well Itoown that 
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reduced msulin is totally inactive A parallel was quickly drawn with glutathione 
and the natural inference was that insuhn could act as hydrogen earner in cellular 
oxidations 

These vanous facts appeared to fit m peif ectlj' with the classical theory, in which 
the essential action of insuhn is described as a furthering of glucose oxidation, 
and they even supphed a plausible explanation of this action 

According to this "metaioltc theory” which has been advocated by Polonovski 
and by many other authors, the mam action of insuhn consists m an activation of 
mtermediate carbohydrate oxidations and the mtensified disappearance of glucose 
IS a consequence of the metabohe “vacuum” thus created 

There are two objections to a theory of that kmd In the first place, even 
though there is no doubt that insuhn has a furthering effect on the oxidation of 
mtermediate products of carbohydrate metabolism, it is clear that this general 
actimty must be related to a highly specific object Insuhn can not be replaced 
by any other substance, though there are many which are known to actoate 
mtermediate oxidations Glutathione, for instance, does not act the same way as 
insuhn, on the contrary it seems to inhibit msiilm action (Levme el d (1939) 
(41), possibly because its disulphide-groups take the place of those of msulm and 
further similar processes without, however, co-ordmatmg them with a specific 
system, as msulm does It must be remembered also that mtegnty of the disnl- 
phide-groups is not the onl3’- condition of msulm actintj’^ We must conclude 
therefore that the action on mtermediate metabohsm is only one aspect of 
msulm action, though it is essential m many ways, it is not specific m itself but 
appears rather like a means through which msulm exerts its specific actiiuty 

In the second place, if we assume the furthermg action on oxidations to be the 
pTimaTy action of msulm, then we must admit that msuhn promotes blood-sugar 
disappearance by creatmg a negative gradient of glucose But, m that case, 
there should be a decrease not an mcrease m hexose-phosphate after msulm and 
the similanty between the effects of msuhn and those of hj’perglj^caemia becomes 
difficult to explam This sunilanty as well as other experiments which wfll be 
mentioned below show that it is the other way about and that msulm creates a 
positive gradient of glucose When msuhn is given, glucose does not disappear 
more rapidly because room is made for it, but because more can be stuffed mto 
the same room Of course dunng prolonged action, further accumulation of the 
primary products of glucose absorption wiU be facihtated by the decongestioning 
effect of the metabohe action 

Nov that we know that oxidation of byproducts of carbohydrate metabohsm 
IS a necessary’’ adjunct of glucose pho^hoiylation, all these difficulties vanidi and 
the specific action of msuhn is readilj’^ identified What characterizes msulm and 
differentiates it from other unspecific activators is that it has the additional 
property of duectmg the energj' it helps to set free, towards a stnctly specific 
end glucose phogihoiylation Whether it does so by furthermg ATP sjmthesis 
or by promotmg glucose activation remains to be seen 

To disenmmate between these tv o altematii es, we can applj* the same reason- 
mg as before If the pnmary action of msulm is to promote oxidative sjmthesis 
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of ATP, then it must further glucose absorption by promotmg indirectly the 
phosphoiylativo disappearance of activated glucose and thus making extra room 
for more glucose to occupy On the other hand, if insuhn promotes the active 
tion of glucose itself, then it must mcrease the amount of activated glucose pres- 
ent m the tissues. Experimental evidence seems more m favour of the latter 
alternative. 

It aill be remembered that quite a number of early experimental results have 
been alleged m support of a theory commonly known as the “permeabUtly Oitory ” 
According to this theory, which rests mainly on results obtamed by Loewi and 
other authors on blood cdls and blood vessel tissue, the action of msuhn consists 
essentially in a furthering of the adsorption of glucose on the surface of the enzy- 
matic structure responsible for its ulterior metabolism In another theory also 
advocated by some authors on the faith of experimental evidence, insulin is said 
to favour the conversion of ordinary, stable dextro-rotatory glucose mto a labDe, 
more levo-rotatory form, m other words, to promote glucose activation It is 
true that both these theones have been se% erely cntiazed and that the endence 
on which they are based has been shown to bo mconclusive It must be noted 
however that opposite changes have never been asserted to occur and that later 
experimental results have since been added to their credit. 

For instance, a senes of experiments by Soula and his co-workere show that, 
when glucose is administrated, part of it is stored, os glucose, m the penpherol 
tissues, and is subsequently returned to the blood stream, msuhn promotes this 
storage. Accordmg to the authors this storage takes place m the mterceliular 
fluid contained m the lacunar spaces (stockago lacunaire) , but this phenomenon 
may bo duo as well to a rev ermble process of adsorption activation More recent 
experiments by Lundsgaard (46), however, do not confirm this storage, but they 
show that the acceleration of the transfer of glucose from the blood mto the 
muscles cannot be duo to a lowermg of the glucose concentration inside the 
muscle-cell, and must therefore be duo to an active surface process. The ex 
tensive work earned out by Thomas (61) (62) on the rotatory power of blood 
sugar must also be mentioned m support of the activation theory 

Consequently the only theory which seems to reconcilo all experimental re- 
sults satisfactorily, is the one m which msulm is considered as an activator of the 
coupled processes of glucose activation and mtermedlate carbohydrate denvntes 
oxidation Indeed, if our first conclusion be accepted that insuhn must neces- 
sarily act on the same reaction as does the blood-sugar level itself, m other terms 
on the mitial reaction of glucose metabolism 

Glucose — » X 

then we must neceasarily accept the biochemical interpretation propounded, 
w hich IS nothmg but the logical inference of the first, as X turns out to be nothing 
else but activated glucose. 

tVe may therefore conclude that the roam action of msulm appears to bo an 
activation of a complex enzymatic system, for which we may retam the name 
"glycomutin.” This system fixates blood glucopyranose and converts it to a 
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labile, less dextro-rotatory form, possibly fmcto-furanose, it borrows the energy 
necessary to this conversion from the oxidation of vanous carbohydrate denvates, 
particulaily of pyruvic acid The activated glucose subsequently reacts with 
adenosme-tnphosphate and is transformed mto hexose-monophosphate 
The hexose-monophosphate formed may be either polymensed mto glycogen 
or broken down mto pyruvic acid This breakdown is facihtated by the rupture 
of the chemical balance between hexose-monophosphate and pyruvic acid, asthe 
former’s concentration mcreases w hile the latter’s mitially decreases Moreover, 
hexose-monophosphate hreakdowm is itself coupled ivith ATP synthesis It 
follows that the amount of glucose which will be absorbed depends on the velocity 
of the subsequent breakdown of hexose-monophosphate, which favours it both 
by removmg hexose-phosphate and by regeneratmg ATP This breakdoivn 
appears to be much slower m the muscles than m the hver Fmally, the pyruvic 
acid produced from hexose-phosphate will be mainly oxidized, this process m- 
volvmg a correspondmg decrease m fat and protem breakdown, but will also be 
partly used, when an excess of glucose is absorbed, for the synthesis of fat and 
possibly protem It will be noticed that insulin, by actmg as it does, simultane- 
ously favours the removal of glucose from the blood-stream and the privileged 
oxidation of its final denvates, while the maximum velocity of glucose absorption 
under its influence depends essentially on the velocity with which hexose-mono- 
phosphate can be converted mto those denvates through a cham of reactions 
which 13 not, apparently, mfluenced by msulm 
It 18 possible that direct oxidation of activated glucose as well as oxidation of 
other denvates may also play a part m the synthesis of ATP In that case, a 
furthenng action of msulm on these reactions might possibly also occur 

1 The action of insulin on protein metabolism As has been shown above, all 
the actions of msulm appear to be satisfactorily mterpreted by the theory just 
descnbed There exists however one action of msulm which seems to be mde- 
pendent of the others, it is an mhibition of protem hydrolysis, which has been 
demonstrated bv the experiments of Lacquet, De Nayer and Bouckaert (36) (37) 
Comparison of their results with those published more recently by Mirsky 
(1938) (48) enforces a conclusion somewhat different from that ongmally drawn 
by the authors In a first set of experiments, earned out on normal and on pan- 
createctomized dogs, they have confirmed the fact that the concentration of ami- 
no-acids m the blood is raised by pancreatectomy and decreased by msuhn In a 
second set of experiments, they have compared the blood-ammo acid curve of 
dogs treated with msulm with that of untreated animals, durmg contmuous m- 
fusion of vanous amoimts of glycme, and have observed that the mean blood- 
ammo acid level was low'ered by msulm m the anunals receivmg small amounts of 
glycme, but w as raised by msulm m the animals receivmg moderately large and 
laige amounts of this ammo-acid 

'These results tended to show that, as long as the concentration of ammo-acids 
m the blood was sufiBciently low to allow a certam degree of proteolysis to procee 
m the tissues, addition of msuhn mhibited this process, but that, when the blood 
ammo-acid level became high enough to reverse the process and mduce proteo- 
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synthesiB in the tissues, the latter process was likewise inhibited bv insulin In 
other words, msulin appeared to inhibit both the hvdrolysiB and the synthesis of 
proteins 

Bouckaert, De Nayer and Cassunan (1934) (6) subsequently showed that, even 
m the animals receiving small amounts of glycme, the blood aramo-aad level was 
raised by insuhn, when the blood-sugar level was maintamed by an additional 
infusion of glucose These results served to emphasiie a second action of insulin 
on protein metabolism, really dependent on the disappearance of glucose, namdy, 
a strong mhibition of deammation m the hver, as a result of this second action, 
the removal of ammo-adds from the blood-etream is slowed down to such an extent 
that their concaitration m the blood increases despite the sraiultaneous mhibition 
of penphoral protedyBis 

The results obtamed by Mirsky (1938) (48) confirm the existence of two in 
dependent actions of msulm on protem metabolism, one of them bemg an inhibi- 
tion of deammation in the hver, the other bemg an inhibition of proteolysis m the 
peripheral tissues But some of the results he has obtamed on eviscerated ani 
mals are m complete disagreement with the conclusion drawn by Lacquet and his 
co-workers that insulin inhibits proteo-eynthesis as well, for they show that 
insuhn actually promotes the removal of anuno-adds from the blood-stream mto 
the peripheral tissues. If we assume that insulm exerts a similar action on the 
peripheral tissues of the mtact animal, another explanation must be found for the 
fact that the concentration of ammo-acids m the blood of the insuhnized animal 
18 neverthdess higher than In the non insuhnired nmraal, when large amounts of 
glycme are provided One explanation appears to be that the infusion of add! 
tional quantities of ^ycme affects the hepatic metabolism of the msulinized ani 
mal m more or less the same way as the infusion of additional quantities of glu- 
cose and enhances the mhibltory effect of msulm on hepatic deammation It 
could be that only a small part of the glycme provided is deaminated and that the 
furthermg by msulin of the oxidation of its non protem products is sufficient to 
account for a subsequent inhibition of the deammation of the r emaining part. 
Another possible explanafaon is that insuhn inhibits the removal of ammo-acids 
from the blood-stream by the kidneys, for Mirsky’s expenments are earned out 
on nephrectomued animals 

Whatever the explanation may be, Mirsky’s results appear to bo quite condu 
Bive and it must be accepted that msulm not only inhibits protem breakdown m 
the peripheral tissues but promotes the buildmg up of protem from ammo-aads 
as well This view is strongly substantiated by many recent expenments earned 
out by Young, Gaebler and other authors, in which it is showm that the spanng 
and buildmg up of protem, which occurs under the mfluenco of anterior pituitary 
extracts, requires the presence of sufficient amounts of insulin 

It is to be noted that the inhibition of hepatic deammation by msulin appears 
to bo duo largdy to the disappearance of extra glucose m the hver, whereas the 
fuithenng of protem synthesis m the peripheral tissues seems to bo the result of a 
direct action of the pancreatic hormone on these tissues. The former action 
may, therefore, be taken ns a consequence of the general action of insulin on 
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glucose metabolism descnbed m the precedmg section, the latter appears to be 
entirely mdependent of it 

} The antagonism helvoeen insulin and adrenalin It has beefi. shown by De 
Nayer (18) that adequate quantities of adrenahn may inhibit completely the 
hypoglycaemic effect of even strong doses of insulm More recently, de Duve, 
Mann and Bouckaert (23) have observed that addition of very small doses of 
adrenahn to the glucose supphed by contmuous infusion to msuhmzed animals 
leads to a considerable decrease of the quantity of glucose needed to mamtam the 
blood-sugar level normal In the latter paper, an attempt has been made to 
reconcile the recently gamed information concemmg the biochemical mechanism 
of adrenahn action with that obtamed on insulin, m a way which would account 
for the antagonism between the tw o hormones Two facts seem to be of im- 
portance 

1 It is remarkable that both msuhn and adrenalm mcrease the amount of 
hexose-monophosphate present m the tissues It is not unusual to have two 
antagonistic factors acting synergically on the formation of one particular sub- 
stance, the same occurs with the synthesis of hepatic glycogen which is favoured 
both by insulm and by antenor pituitaiy extracts or cortm Indeed part of their 
antagonism may be precisely due to this apparent synergy, for both the ongm 
of the substance formed and the mechanism of its formation are different when 
the effect is provoked by msuhn or by its antagonist In the case of hepatic gly- 
cogen, we have seen that insulm favours its formation from glucose, by promotmg 
glucose phosphoiylation, while antenor pituitary extracts and cortm further its 
synthesis from protem and possibly fat, by activatmg glyconeogenesis In the 
case of hexose-phosphate, msuhn promotes its formation by facihtatmg the phos- 
phorylation of glucose by ATP, while adrenahn does the same, by activatmg 
phosphorolysis of glycogen at the expense of morgamc phosphate It is evident 
that activation of one of these mechanisms will necessarily tend to counteract 
the other 

2 Another important pomt is that phosphorylation is coupled with oxidative 
reactions, while phosphorolysis is favoured by reducmg processes Now, we 
know that msuhn also favours the coupled oxidations, particularly that of py- 
ruvic acid On the other hand, it is ivell known that adrenahn furthers the for- 
mation of lactic acid, which is the product of pyruvic acid reduction, moreover, 
after a detailed study of the action of adrenahn on glycogen-phosphorolysis, Lee 
and Richter (39) come to the conclusion that only tw o hypotheses could account 
for its mechanism, one of which being that adrenahn furthers the couphng be- 
tween reducmg substances and phosphorjdase We have there a second remark- 
able instance of the antagonism between the tw'o hormones and a common sub- 
strate of their conflictmg influences could be cozymase which, m the reduced 
state, reduces pyruvic acid mto lactic acid, and m the oxidized state, mtervenes 
in pyruvic acid oxidation Recent results by Gobell (31) (32) seem to coi^m 

• this assumption, for they show that administration of mcotmarmde, one of the 
mam constituents of cozymase, enhances the actions both of msulm an 
adrenahn 
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Conduston Except for its independent action on protein synthesis, all the 
known effects of insulin, as well ns the great majonty of experimental results 
obtamed on insuhn, can be satisfactorily explamed by the theory of insiilm action 
put forward m this paper This theory has been elaborately described (see 
sections g) and h) and need not be repeated here. 

The mam pomts we wish to emphaaue are the importance of the blood sugar 
level, the importance of the hepatic action of msubn, the close similarity between 
the effects of msulm and those of an mcrease m blood-sugar level, and the impor 
tance of phosphocatalytic metabolism m the metabolism of glucose 

From these vanoua facts, the following picture can be drawn of the part played 
by insuhn m blood-sugar regulation 

The fastmg blood-sugar level is the result of an equilibnum between glucose 
production and glucose consumption It we assume nil ncuro-hormonal m 
fluences to be stabilised and thus to act m a constant manner, this equUIbnum 
will be essentially a chemical equilibnum, and the resultmg blood-sugar level will 
be the coricentrabon consistent with this equihbnum The state of equilibnum 
will be attamed when the quanfaty excreted by the hver will become equal to the 
quanbty consumed by the other tissues. Such a state can always be attamed 
and win automatically be attamed by a readjustment of the blood-sugar level, 
for we know that the total quanbty of blood-glucose either consumed or produced 
IB a direct funebon of the blood sugar level 

Insulin has the power of modifying this funebon so that a progressive vanabon 
of the amount of msulm present m the tissues will create an infimte number of 
states of equihbnum, each bemg charactemed by a parbcular concentrabon of 
glucose 

Therefore the basal funebon of the pancreabo islets will be to maintain a con- 
stant level of insuhn m the bssues, corresponding to that parbcular state of 
equilibnum charactemed by a physiological value for the blood sugar level 

The mam antagomsta of msulm m this respect are the antenor pitmtaiy hor- 
mones and cortm, which act mainly by mcreesing the produebon of glucose m the 
hver, by mhibibng penphcral oxldabon of glucose and even bv directly opposmg 
the action of insuhn 

The second, mtermittent action of insuhn is to accelerate the return to a normal 
blood-sugar level whenever hyperglycaemia has occurred, whether through di 
gestrve absorption or for any other reason In that case, an excess of msulm is 
provided by the pancreas and creates temporarily a new state of equihbnum, 
charactemed by a hypoglycaemic concentrabon of glucose The return to a 
normal blood sugar level will then be accelerated but may be followed bj hypo- 
glycaemia. This will bo dealt with by a discharge of adrenahn which will rev erse 
the process, and so on 

The mam antagonist of insulin, m this urgency funebon, is, of course, adrenahn 
sumiABT 

In this paper the whole bulk of experimental work earned out on the problem 
of msulm action at the physiological laboratory of thqumversity of Louvam has 



70 


J P BOXICKAERT AND CHE DE DTJVE 


beensummanzed and discussed m connection with recent data obtained elsewhere 
The main pomts, which will be found summarized under the headmg “General 
theory of msulm action” (p 58), lead to the conclusion that msuhn acts on the 
chain of reactions which leads, m the liver as well as m other tissues, from blood- 
glucose to tissue hexose-monophosphate 
The next section is devoted to a close discussion of the biochemical mechanism 
of this action and it is shown that the only explanation which seems compatible 
vuth all the actually known facts is that msulm facihtates sunultaneously the 
adsorption of glucose to a specific enzymatic system responsible for the conversion 
of glucose into an active, labile form, which is subsequently phosphorylated by 
ATP, and for the oxidation of vanous carbohydrate denvates, particularly of 
pyruvic acid, this process bemg coupled with the former 
Some aspects of the action of msulm on protem metabolism and of the antago- 
msm between msulm and adrenahn are finally discussed 

We are mdebted to Sir Hemy Dale, Prof J H Bum and Prof F G Young 
for their valuable advice and cnticism 
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OPTIMAL GROWTH OF THE RAT^ 

MAX S DUNN, EDWARD A MURPHY and LOUIS B ROOKLAND 
Chemical Laboratory, University of California, Los Angeles 

The importance of the rat m studies of g^o^vth and nutrition has been univer- 
sally recognized yet the data on growth and physiological performance have not 
been reviewed comprehensively smce 1924, the date of Donaldson’s (3) revised 
classical treatise The need for correlation of old and new data is emphasized 
by the statement of Donaldson (1924, p x) that the performance of his rats, 
although a reasonable standard for that penod, should not be considered the 
ultimate cntenon He deduced that “these rats show the characters commonly 
found in (this and) other laboratory colomes, but they represent neither the 
best animals nor those m the ideal condition, nor do they necessarily yield the 
values which will be foimd m Albmos ten years hence ” Abundant evidence m 
confirmation of this assertion has been provided by the discovery, durmg the past 
two decades, of the essential r61e of vitamins, ammo acids and other dietary fac- 
tors m nutntion 

The need for staidardization of the performance of rats, stressed by Donaldson 
and his co-workers at the Wistar Institute, has been appreciated by later mvesti- 
gators, but not all studies of grovdh, body functions and the nutntional value of 
food constituents have had fundamental significance Too often, g^o^vth data 
have been of minimum value because diets were deficient m types or proportions 
of nutnents It has been pomted out by Wilson (4) and Needham (5) that, 
because of the quahty of the experimental data, the attempts to vahdate pro- 
posed theones of groivth have not proved particularly fruitful 

It has been emphasized by Zucker et al (6) that ‘‘probably a majority of the 
formulations of growth for rats have been based upon or fitted to the data of 
Donaldson, whose weight-tune curves were obtamed from rats on a diet poorly 
characterized and certamly deficient m a number of factors ” Zucker and 
Zucker (7) have stated that “most growth data m the hterature which have 
been used by students of groiHh probably fail to meet good nutritional standards 
The whole grovlb problem has been confused and more or less run mto a blank 
wall by repeated workmg over of the same old data There is a fundamental 
flaw in these data New data are needed which do meet reasonable nutritional 
standards, and a useful, if perhaps hmited, start can be made with a smgle 
species — the rat ” 

The inadequacy of the earher standards of grow th was appreciated by Mendel 
and Cannon (8) who stated m 1927 that the improved growth observed by Os- 
borne and Mendel “unphes that, owmg to the shortcommgs of the rations used, 
the inherent capacity of the rat to grow has m the past rarely been given full 

1 The writers’ work has been aided by grants from the Nutrition Foundation, Inc , 
and the Umversity of Calif orma Early investigations of the growth process were sum 
manned by Brody (1) in 1927 Laboratory studies of the rat pnor to 1939 have been 
reviewed by Fnedman (2) 
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play m the laboratory Consequently, the published records and compilations 
of ‘norms’ fail to furnish an adequate idea of the rate of growth of which the rat is 
capable ” 

Although growth of any type or magnitude may serve to determme that 
under the observed conditions, a given food constituent functions in some capa 
oity essential to the welfare of the organisms, it has become mcreasmgly apparent 
that it IS far more important to determme, if possible, the types and proportions 
of food elements required for the mamtenance of the highest typo of physio- 
logical performance This view that optimal performance of animals is the 
only truly satisfactory standard for use in measurmg the biological value of 
foods appears to be widespread (9-13) 

For present purposes, the terms "optimal” and “normal” are considered to bo 
synonymous and m contrast to "average” or “ordinary The question, “What 
IS normal or optimal growth or what should bo the course of growth m the rat 
stram employed n-hen there are no nutritional deficiencies?” has been raised by 
Zucker et al (6, 17) who have stated that “If effects of deficiencies are to be 
elucidated an unhampered norm should first bo worked out We cannot expect 
growth on deficient diets simply to reproduce normal growth on a smaller 
scale ” Howe (18) has cxprejsed the similar view that “the kmd and rate of 
feeding has such marked influence on the physical development of a n i ma ls 
that it IS necessary to define normal growth and physique before attemptmg to 
discuss the modifymg effects of nutrition ” 

Normal or optimal growth has been defined (14, 16, 10, 19) as that physio- 
logical state m which the animal functions m accordance mth its design, actual 
achievements fulfill all the potentiahties of the organism and the growth curve is 
a pure expression of the inherent growth characteristics Carlson (13) has 
defined an optimal diet as “that kmd and quantity of food ahich permits and 
promotes optimum growth, optunum performance of all biologic functions, 
optimum resistance to disense, optimum conservation of the factors of safety 
and powers of repair and optimum length of life with optunum efficiency ” 

Although growth and the physiological sufficiency of diets are measured m 
adequately by increase m weight (20), or any other single criterion, it appears 
probable from Thompson's (21) studies of phylogenetic changes and Huxley’s 
(22) mvestigations of ontogeneho growth that growth is controlled by a recog 
nltable system of forces The pattern of growth has not been determined ac- 
curately but it has been found that grondh data obtamed m different labora 
tones for different strains of rate may be correlated convemently by means of 
Huxley’s equation.* The latter has been reinforced and augmented by the 
minstigationB of Zucker and co-workeni (6, 7, 17, 23) 

■ pome writers (14-10) hare inferred that the terms optical ” “normal ” “average,’! and 
‘usW” have equivalent meaning 

* A discussion of the older growth equations which have been proposed luu been omitted 
elnce numerous critical reviews (1 5,7,31 23,24-03) are available 

In Zucker and CO workers useful poet weaning growth equation logW — — k/t + logA, 
k and A are poelUve constants, t is age In weeks from birth andtVis weight In grams A plot 
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It has been assumed by some mvestigators that optimal growth and normal 
groivth may not be synonymous terms Osborne and Mendel (40) pomted out 
m 1926 that rapid growth may be mdicative of distorted development of organs 
and body parts and that accelerated growd.h would be physiologically disadvan- 
tageous if time alone were gamed at the cost of unorderly, and hence detrimental,, 
development This problem has been studied for more than three decades m the 
laboratories at Yale Umversity and the Connecticut Agncultural Expenment 
Station by Osborne and Mendel and their associates mcludmg Anderson, Cannon, 
Hubbell, Moment, Outhouse, Pickens, Smith and Winters 
The present authors’ experiments have been predicated on the assumption 
that the diet and the rats, descnbed m 1932 by Anderson and Snuth (41) as the 
culmination of the nutrition experiments conducted m Osborne and Mendel’s, 
laboratones, were near optimal It is recogmzed that, at present, the terms 
“optimal diet” and “optimal physiological state” have only relative significance 
and there is no mtention to imply that other combmations of dietary components 
may not be of equivalent, or even supenor, quahty 
There has been no attempt m this review to record all of the volununous 


of log W VB 1/t gives a straight fine of which k is the slope and, when 1/t = 0, log A log 
W The parameters, k and A, permit an analysis of growth in terms of a “growth intensity 
factor” and an “inherent size factor,” respectively Richards (34) has emphasized Gray’s 
(36) warmng that care must be used in interpreting data plotted loganthmically since the 
diameter of the point on the graph may cover more range than the error of measurement of 
the variable It appears that the loganthmic curves of Zucker et al (7) were not subject to 
this error since it was shown that the relative probable error (ratio of the probable error to 
the mean) was constant dunng the whole penod of growth 

In Huxley’s (22) equation, log y = K log x + log b, y is the size or weight of the part, x is 
the size or weight of the whole, and K (slope of the curve) and b (intercept on the y axis 
when X “ 1) are constants The equivalent expression, log y “ k*/ki log x + Qog Aj — 
ki/ki log Ai), may be denved from Zucker’s equation if the growth of the whole orgamsm m 
expressed as log x — ki/t-hlog Ai and the growth of the part by logy = — kj/t + log Aj 
The Km Huxley’s equation and the ratio ki/ki in Zucker’s equation sigmfy that the rate of 
growth of the part remains constant in respect to the rate of growth of the whole 

Although the constant b is of little biological sigmficance accordmg to Huxley (22) and 
Needham (36) , Zucker el al (7) and Bernstein (33) have pointed out that b is the parameter 
expressing the ratio of the limiting size of the part to that of the whole, i e , b =• Aj/Ai^ 
The factors K and b may be useful mdices for the characterization and differentiation of 
species and strains since they are believed to be expressions of the genetic structure and 
heredity of the orgamsm Applying Huxley’s equation to a large number of vertebrates, 
Qmnng (37) found in 1941 that the K values indicated a fundamental principle of size in- 
crease while the b values denoted a scale of being in numerical terms It imght be expected 
that different strains within the same species would exhibit similar, although smaller, 
differences 

Zucker el al consider rat growth to be separable into two phases, pre-weamng and post- 
weamng For biological reasons, they place the normal post-natal weamng age at 28 daj s 
The heterogomc equation log y — kj/ki log x -1- (log Ci — ki/ki log Ci) was proposed by Hux- 
ley (22) and Hamilton and Dewar (38) and it may be denved from Zucker’s equation, 
log W *= k log T + log c, for the pre-weamng phase of growth or from the related equation of 
McDowell et al (25) Huxley considered this expression to be in agreement with the work 
and conclusions of Schmalhausen (39) 
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literature on the growth of mts on different dieta Consideration has been gi\en, 
primarily, to the data of the post-neaning period considered to be most highly 
significant 

Total body growth The data plotted acoordmg to Zucker’e method m 
figure 1 A were taken from the papers of Mendel and Hubbell (42) and Anderson 
and Smith (41) The cimes represent the different types of grovrth obtamed 
in the New Haven laboratones durmg the period, 1912-1936, with male rats of 
the same (Yale albino) strain mamtamed on different diets under essentially 
the same environmental conditions The mcreased rate of growth on the latter 
diets was accompanied by mcreased umfonmtj of growth and by improvement 
m physiological condition It was the new of Osborne and Mendel (40) and of 
Mendel and Hubbell (42) that these effects were due to dietary changes rather 
than to selective breedmg The superior growth promotmg capacity of the 
Anderson-Smith diet has been confirmed by Pickens, Anderson and Smith (43) 
It has been found, also, by Freudenberger (44) that improved diets and care 
mcreased the uniformity of growth of rats. 

The growth curves obtamed by the present authors with the Long Evans 
strain of rats mamtained on the Andorson-Smith diet are shown m figure 1 B 
(male rata) and figure 2 (female rats) Other growth eurvea are given m figure 1 
for male rata of the Long Evans and Wistar strains and m figure 2 for female 
rats of the Long-Evans stram 

Accordmg to Zuckers (46) premises, curves A-3, A-4 and C-2 of figure 1 
represent growth on deficient diets The marked difference between curves C-2 
and the two othere may mdicnte, according to Zucker’s (17) concept of spon- 
taneous realimentation, that the diets employed differed in respect to the type of 
nutritional defiaenoy The arngle-etmight-hne curves A-2, B-2, and C-1 arc of 
the types oharactemed by Zucker el of (17) as good, normal, optimal and 
adequate smee the growth data obtamed with several albmo colonies in a number 
of laboratories yieliied straight-hne curves of sunilar slope Although it was 
recognized that growth data obtamed with diets known to be nutritionally 
deficient did not yield straight-lme curves and that diets which did yield stmlght- 
Imo curves had no pronounced deficiencies, Zucker el (d have been careful not to 
define normal (or optimal) growth as that adhermg to their equation It is of 
interest that Freudenberger’s (40) diet, which yielded straight-hne curves 
(B 2 and C-1 of fig. 1), was later (47) found to be deficient in iodine although 
the deficiency, as evidenced by rectification, was not sufficient to affect the curve 
of total body growth 

A typo of growth not considered by Zucker and co-workers is represented 
by curves A-1 and B 1 of figure 1 The difference m slope hetween the curves 
A 1 and A 2 for the Yale-albmo stram and between the cun es B 1 and B-2 for 
the Long Evans strain possibly may bo oxplamed by the nutritional history 
of the parent rats The parents of Anderson and Smith’s (41) rats were raised 
on Mendel and HubbcU's (42) sub-optimal diet which yielded curve A 2 of 
figure 1 At birth of the j oung the mothers w ere placed on the Anderson-Smith 
diet and at woanmg the joung were contmued on this diet The young m 
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creased rapidly m weight and attained an adult weight optimal for rats of this 
strain Similar results were obtained by Pickens, Anderson and Smith (43) 
under the same conditions Although their rats at 4 weeks of age were slightly 
lighter than those of Anderson and Smith, the same adult (16 weeks, post natal) 
weights were attamed by the two groups of rats On the other hand, curve B-1 
represents the growth of rats (mamtained on the Anderson-Srmth diet) whose 



Fig 1 Fig 2 

Fig 1 Curves showing the relation between body eight and reciprocal age of male rats 
on vanous diets The notations are as follows 

Vale stratn A-1, Anderson and Smith (41), 1932 A-2, Mendel and Hubbell (42), 1935 

A-3, Mendel and Hubbell (42), 1926 A-4, Mendel and Hubbell (42), 1919 

Long-Evans strain B-1, This paper (impubhshed data) B-2, Freudenberger (46), 
1932 

Wistar strain C-1, Freudenberger (46), 1932, Greenman and Duhnng (60), 1930 C-2, 

Greenman and Duhnng (60), 1923 

Fig 2 Curves showing the relation between body weight and reciprocal age of female 
rats on vanous diets The notations are as follows 
Long-Evans strain 1, This paper (unpublished data) 2, Emerson and Evans (66), 
1944 3, Freudenberger (46) , 1932 

parents had been raised on the Anderson-Snnth diet If the rats employed by 
Anderson and Smith had been the progeny of parents which had been raised on 
the Anderson-Snuth diet, it appears probable that a growth curve resembling 
that found m the authors’ laboratory, might have resulted Hanson and Hay^ 
(48) reported that the birth and weamng v eights influenced the adult weigh 
but Anderson and Smith (41) and Zucker et al disagreed with this conclusion 
Other workers have found that the adult weight of mice (49), rabbits (50) an 
Daphma (61) is not dependent upon the initial growth rate 
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If it is assumed that cun'es A 1 and B-1 of figure 1 represent near-optimal 
growth it would follow that the smgle atraight-hne growth curves are indicatiie 
of some dietary deficiency This hypothesis would seem to be m harmony with 
the statements of Zucker and Zucker (7) that "the onlj experimental conditions 
which can possibly lead to growth accordmg to any relatively simple law require 
a diet which is adequate for the most rapid growth attainable by nutntional 
means Under these conditions only can the growth curve be a pure expression 
of the inherent growth charactenstio of the organism ” Smce this (or any 
other) interpretation of the characteristics of optimai growth mvolve the problem 
of obesity, the relation of fat deposition to Increase m body iveight is considered 
at this point. 

It may be inferred that the relatively rapid morease m pre-weamng body weight 
of rata (curves A 1 and B-1 of fig 1) raised on the Anderson-Simth or other diet 
contaimng a relatively high percentage (20 to 30 per cent) of fat occurs without 
deposition of fat m excess of the nutritional needs of these animals Although 
male rats raised on the Andereon-Srmth diet contamed a higher percentage of 
bodj fat than rata fed the modified (Mendel Hubbell) Anderson-Smith diet, 
the data of Pickens et al (43) mdicate that the sliapcs of the body weight and the 
fat free body weight curves yielded by the two diets were closely similar The 
same percentage of body fat is approached as growth on these diets proceeds 
through matunty Data in harmony with this observation have been reported 
by Zucker et al (23) who found that the body weight of rats fed an adequate 
diet mcreased slowly up to 70 weeks of age with no evidence (even at 100 weeks of 
ago) of excessive fat deposition, and by Heed el al (62) who observed that the 
relative distribution of fat m the animal body was the same on high carbohy 
drate-low fat ns on low carbohydmte-high fnt diets* The findmgs of Evans 
et al (63), Maynard and Rasmussen (64) and Vinson and Corecedo (66) that 
lactation is improved on diets contauung relatively high proportions of fat may 
explam the supenor quahty of such diets for pre-weamng growth 

The stmightrhne growth curves of the albmo colonies considered by Zucker 
el al were similar m slope This observation led to the supposition that the slope 
of the curves provided a mathematioal characterization of certam geneUcal 
factors, particularly that called "growth mtensity ” It may be noted from 
figure 1, however, that the straight-hne-portions of different curves may have 
the same, or different slopes dependmg, apparently, upon the age and the dietary 
history of the animals Zucker et al found less close agreement between the 
slopes of the growth curves for Long Evans hybnd rat colonies than for albino 
rat colonies. These differences were attributed to chance genebcal vanations 
resulting from the breeding of hybrid parents but Freudenberger (40) has stated 

• It has been reported recently by WilUame el al (110) that the typo o( diet [(a) fat 8741 
per cent of calonee carbohydrate 9.3 per cent (b) fat 83 6 per cent of calonee carbohy 
drate 38 6 per cent, (o) fat 9.3 per cent of calorie* carbohydrate 67.9 per cent] had little 
or no effect upon the proportion of essential Uplda to total Uptde The precentage compoal 
tion of the essential lipids was nearly tho same on diets a arid b The percentage compoei 
tion of the essential lipids obserred on diet o differed from that found on diets a and b 
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that even the albinos of the Long-Evans strain resemble the Long-Evans stram 
as a v/hole rather than the Wistar albmos from ■which they "were derived This 
latter -vie-w appears to be supported by the fairly close agreement found for the 
constants of the equations for body-weight mcrease (curves shown m fig 2 and 
those given by Zucker et cH) oi the Long-Evans rats mvestigated by Freuden- 
berger (46), Emerson and Evans (56), Zucker et al (7, 17) and the present 
authors 

The values 640, 540 and 430 for the males and 380, 300 and 280 for the females 
found for the hmitmg weights of the Yale-albmo, the Long-Evans and the Wistar 
strains, respectively, denote fundamental size differences of these strains of rats 
In general, the constants, calculated by the present authors from the data re- 
■viewed by Zucker and Zucker (7), agree fairly well "with the values reported by 
these mvestigators These results would not seem to be m agreement “with the 
observation of Vinson and Cerecedo (55) that “an adult female of the Long-Evans 
stram weighs less than an adult Wistar female ” 

The loganthmic-growth curves obtamed with rats, both of the Yale-albmo 
and the Long-Evans hooded strains, fed on the Anderson-Snaith diet changed 
slope at about 14 weeks of age (no data were available for the females of the 
Yale strain) There appears to be some factual basis for the inference that 
changes m the constants of the growth equation at about 14 weeks of age consti- 
tute an objective expression of conditions existmg at the beginning of a “nor- 
mally” occumng adult growth period It is kno'wn that rats become physically 
mature at about 16 weeks and are usually bred at this age (57) and that volum- 
tary activnty mcreases up to the age of 12 to 18 weeks and then dechnes (58) 
An analogous growth equation, which changes slope at birth, apphes to the pre- 
natal and the post-natal phases of pre-weanmg growth (conclusions based on the 
data of Stotsenberg (59) and Greenman and Duhrmg (60)) 

A different type of supenor growth was observed by Evans (61) "with rats 
which had received mjections of hypophj^seal extracts Although the mcreased 
growth rate of rats, due to dietary improvement alone, reported by Mendel and 
Cannon (8) and Anderson and Smith (41) compared favorably ■with that found 
by Elmans and by Bryan and Gaiser (62) ■with rats mjected ■with anterior pitmtary 
extract, it appears that the inherent-size differences of the rat strains employed 
V ere not taken mto consideration The average of the two log weight-reciprocal 
time curves given by Zucker and Zucker (7) m representmg Evans’ data for the 
1923-24 senes of experiments, is shown m figure 3 Even though the cun'e may 
be expressed by Zucker’s equation it appears that the pattern of gro'wth has been 
markedly changed by the mjection of pituitary extract The resultmg large 
animals probabty were monstrosities smce the weights attamed were larger than 
the near-optimal rats of the same stram and the inherently-larger rats of the 
Yale-albmo stram Other distortions of the grovdh pattern resultmg from the 
mjectaon of antenor pitmtary gro’wth hormone mclude relatively greater growth 
of the viscera and glandular organs (63, 64), and of the liver (63, 65, 66) The 
occurrence of splanchnomicna m pitmtary dwarfism and atrophy of nsceral 
organs after hypophysectomy has also been observed (67) 
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HBTBHATOCEffls It has been generally recognised (18, 22, 68-70) that the 
tissues and organa of the body develop in definite order and proportion relative 
to the growth of the bodj as a whole and that they deTClop at a rate which, to a 
considerable extent, is determined by the nutntional state Many mvestigators 
beheve that abundant nutrition promotes the maximum expression of inherited 
characteristics while under nutntion results m retarded dev elopment It see m s 
apparent, however, that many studies on heterogomc growth are subject to the 
enticlsm that sub-optimal diets, utilised purposefully m some cases, were em 
ployed Such data may be of value, however, since they may serv e to charac 
tense sub-optunal growth 

Skeletal growth, growth of some of the pnneipal organs and changes m body 
composition with age are discussed m the foUonmg sections 



Fig 3 Currea thowiaK the relation between body wdght and reciprocal ago of female 
rata injected with hypophyaeal extract The notationB are aa followa 

Ismg Evan* ilrafn 1 This paper (unpnbllahed data, Anderaon-Smlth diet) 2, Evans 
(61) 1023-24 Rata Injected with hypophyaevl extract 8 Evana (61) 1923-24 Control 
rata 

1 SkeUlal groiUh The skeletal growth of male rats of the Yale stram, raised 
on the diet employed by Osborne and Mendel (40) m 1926, was mvestigated by 
Outhouse and Mendel (71) in 1932-33 “Hapid” growth of about 4 grama per 
day and slow growth of about 2 grams per day were maintamed by vaiymg the 
supplements of yeast and lettuce Although these investigators found that the 
general body proportions were nearly the same for both groups of rats, they 
concluded that body length and weijjit were more closely correlated than body 
length and age. At a given body wei^t the leg bones of the slower-growing 
(older) rats were longer and chemically more mature than those of the faster 
growmg (younger) a n i mals These differences diminished with mcrcasmg age 
and the leg bones of 420 gram rata, both fast- and slow growmg, had the same 
hnear dimensions. 

Outhouse and Mendel, as well ns Moment (72) who found a similar growth 
response on the same dieta, bcllev ed that the growth of their rats was normal on 
both diets It would appear, how ev er, from the log reciprocal plots of Outhouse 
and Mendel's data (fig 4) that both diets were sub-optimnl, although the diet fed 
to the faster-growmg group (fig 4 A 1) was less deficient than that supphed to the 
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slower-growing group (fig 4-A-2) It may be noted from the log-reciprocal 
curves shown m figure 4-C and 4-D that the body-length (axial skeleton) and 
femur-length (appendicular skeleton) curves approach more closely a straight 
hne for rats of the Long-Evans stram fed on the Anderson-Smith diet than for 
rats of the Long-Evans and the Yale strains fed on other diets 
The influence of age upon the growth of the leg bones is shown graphically by the 
curves (fig 5) relating body length and femur length m milhmeters The femurs 
of Outhouse and Mendel’s rats were longer for the sloiver-growmg (older) than for 



Rg 4 Curves showing the relation between reciprocal age and body weight, body length 
and femur length of male rats on vanous diets The notations are as follows 

Tale strain A-1, B-1 and D-2, Outhouse and Mendel (71), 1932-33 Rapid group 
A-2, B-2, and D-3, Outhouse and Mendel (71), 1932-33 Slow group 

Long-Evans strain C-1 and D-1, This paper C-2, Freudenberger (46), 1932 
Fig 5 Curves showing the relation between the femur length and the body length of 
male rats on vanous diets The notations are as follows 

Yale strain 1, Outhouse and Mendel (71), 1932-33 Rapid group 3, Outhouse and 
Mendel (71), 1932-33 Slow group 
Long-Evans strain 2, This paper 

the faster-growmg (younger) group of the same body length Sunilar (tachy- 
auxetic) growth curves of the femurs of TPistar-albmo rats result from plots of the 
data ob tamed by Hammett (73) on Green man and Duhrmg’s (60) deficient diets 
The tachyauxesis of the femur growth obsertmd for rats mamtamed on deficient 
diets is m harmony with the earher report of Winters et al (69) that while the 
(deficient) nmmnls made only 8 7 to 19 5 per cent of the normally expected gam 
m body length, the leg bones made 36 to 41 per cent ” No analogous data are 
available for rats of the Yale and the Wistar strams raised on the Anderson- 
Smith diet but the authors’ data for rats of the Long-Evans stram are shown m 
figure 5-2 It may be noted that groa-th of the femur relative to that of the 
axial skeleton was both uniform and isauxetic (K = 1) 
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It may be concluded from the lateral diameters, the anterior postenor diam- 
eters and the epiphyseal widths of the femurs foimd by Outhouse and Mendel 
for Yale rata and by the authors (unpublished) for Ixmg Evans rats that the 
thickness of the femurs at a given femur length was greater for the higher- 
than for the lower-quality diets Many mvestigators have reported that the 
skeleton grew persistently (43, 68-70), but variably (69), on do6ciant diets. 
That the curvee (6g 4) of body length and femur length approach more closely 
to a straight hne than those of body weight, is considered to be evidence m 
harmony with this observation 

It may be ooncluded that the skeletons of rats raised on the Anderson-Smith 
diet grow without apparent abnormahtiea 

2 Organ growth In Moment’s (72) mvestigation of the growth of the princi- 
pal organs and ^ands, the stram of rats (Yale) was the same as that employed by 
Outhouse and Mendel m studymg skeletal growth The diets were s i m i la r to 
those utilised by Outhouse and Mendel Moment concluded that the site of 
three different mnsoles, the kidney, the spleen, the thyroid and the pituitary was 
more closely correlated with body size than with age The same correlation was 
observed for the heart and liver althou^ there was a tendency, at the same body 
weight, for the rapid-growmg group to have larger hearts and hvers than the 
slow growing group The growth of the eyeball seemed to bo correlated with 
age rather than body sizo At a given body weight, the sue of the thymus was 
greater for the rapid growmg than the the slow growing rats although the age at 
which mammiim size was attamed and began to diminish was the same for both 
groups 

The sue of various organs and glands of the Long Evans and the Wistar 
rats at birth, and at 3, 12 and 62 weeks of ago was mvestigated by Freudenberger 
(46) while data for most of the organs and ^ands of Wistar rata, based largely 
on the work of Hatai (74) and Jackson (76), were tabulated by Donaldson (3) 

(a) Heart It may be observed from the log heart weight-reciprocal age curves 
shown m figure 6-A that according to ZuckeFs premises, the growth of the heart 
was sub-optimnl for the Yale and the Wistar strains of rats fed on the (presuma- 
bly inadequate) diets of Moment and Donaldson It is of interest that growth 
of the heart appeared to be near-optimal for the Wistar and the Long Evans 
strains of rata mamtamed on the (presumably) adequate or near-optunal diets of 
Freudenberger and the authors Even though a reasonably large number of 
animals was employed, the data reported by Freudenberger for Wistar rats 
sacrificed for organ measurements and the data reported for his Wistar colony 
rats were not entirely consistent For this reason, it is considered that the change 
m slope of the curve for Freudenberger’s Wistar rats may be an artifact 

Log heart weight-log body weight curves are shown m figure 6-B The 
pomts for each stram of rat and for both types (adequate and inadequate) of 
diets fall reasonably close to a straight line The lack of any significant difference 
between the two curves of each pair of curves for the Long Evans, the Yale and 
Wistar strains may mdicate that, relative to total body growth, the growth of the 
heart (a vital organ not directly concerned with the metabolism of food) was not 
measurably influenced by the different diets employed by the mvestigators 
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whose experimental data have been recorded There is some mdication, how- 
■ever, of a stram difference m the growth of the heart relative to mcrease m body 
weight smce the average slopes (K) of the curves -were 0 66, 0 70 and 0 76 for the 
Long-Evans, the Yale and the Wistar strains, respectively 

It appears that Moment’s view that, for a given body weight, the heart tended 
to be shghtly larger for a rat which grew rapidly than for one which grew less 
rapidly, is not substantiated by the data discussed m this section 

It may be concluded that the heart of a rat raised on the Anderson-Smith diet 
grows -wathout apparent abnormahty 



Fig 6-A Curves showing the relation between the heart weight and reciprocal age of 
male rats on vanous diets The notations are as follows 

Yale strain 1, Moment (72), 1933 Rapid group 2, Moment (72), 1933 Slow group 
Long-Evans strain 3, This paper 4, Freudenberger (46), 1932 
Wistar strain 5, Freudenberger (46), 1932 6, Donaldson (3), 1924 

Fig 6-B Curves showing the relation between the heart weight and the body weight of 
male rata on vanous diets The notations are as follows 

Long-Evans strain 1, Freudenberger (46), 1932 2, This paper 

Yale strain 3, Moment (72), 1933 Rapid group 4, Moment (72), 1933 Slow group 

TFtslor strain 6, Freudenberger f46), 1932 6, Donaldson (3), 1924 

(b) Kidney and liver The log kidney weight-reciprocal age curves shown m 
figure 7-A resemble closely the comparable curves representmg heart growth 
- given in figure 6-A It appears that growth of the kidney was sub-optimal on the 
inadequate diets and that growth of the kidney on the adequate or near-optimum 
diets conforms satisfactorily to Zucker’s long-weight-reciprocal tune equation 
It IS evident, also, from an inspection of the log kidney weight-log body weight 
curves (not shown) constructed from these data that kidney growth was more 
unif orm on the higher-than on the lower-quahty diets 

It may be observed that the similar hver-growth curves (curves 3, 4 and 5 of 
fig 7-B) denved from adequate and near-optimal diets change abruptly m slope 
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at about 12 weeks of age This change is considered to be real and not arti 
faebtiouB since it has been observed not only for Uver weight (fig 7-B) but also 
for ladney weight (fig 7-A), body length (fig 4-C-l), femur length (fig 4-D 1), 
and total body •wei^t of female (fig 2-1 and fig 2-2) and male (fig 1 A-1, and 
fig 1-B-l) rats 

It is of further Interest that the total body and the organs (heart, kidney, and 
hver) considered as well as the femur and the body have hmitmg weights or 
lengths which are characteristic of each of the three strains of rats mvesbgated 
These data are given m table 1 It should be emphasited that each figure m the 



A B 

Fig 7 A Curvee liiotnog the rel&Uoa httwtva kidney wei^i and reciprocal age of male 
rata on vanouB diets The notations are as follows 

1 al« strain 1 Moment (72) 1933 Rapid group 3 Moment (72) 1933 Slow group 
Long JJtcns strata 8 This paper 4 Freudenberger (46) 1932 
TTtftnr atratn 6 Freudenberger (46) 1032 6 Donaldson (8) 1924 

Fig 7 B Corves showing the relation between fiver weight and reciprocal age of male 
rats on yanous diets The notations are as follows 

lols strain 1, Moment (73) 1933 Raidd group 2 Moment (73) 1938 Slow group 
Long Etan9 ilrotn 8 This paper 4 Freudenberger (46) 1932 
XTiitar ttratn S Freudenbeiger (46) 1932 6 Donaldron (3) 1934 

table wraB derived from two mdependent groups of rats of the same stram rnmn 
tflined on different diets in the same or different laboratories 
3 Body componiton There has been considerable interest durmg the past 
two decades m the growth Cmcrease) of chemical consbtuents of the nnimnl body 
with mcreasmg age Needham (6, 30) has reviewed and correlated a large 
amount of data on many types of animals and he has proposed what has been 
called the “chemical ground plan of animal groa-th “ While Needham was con 
cerned, pnmanly, vn\h embiyomo growth, the present discussion deals only with 
the post-T\eamng phase of the growth of the rat. Chnnutm (76) concluded in 
1931 that “chemical maturity” of the rat is reached approamately at the age of 
weaning (28-30 days) although Moulton (77) had estimated, nearly ten years 
earlier, that rats become chemically mature at about 60 daj s of age The major- 
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ity of the hterature data have been on the chemical groups, protem, fat and ash, 
although water, chemical elements, creatme, glycogen and other entities have 
been mvestigated The authors’ present mterest is himted to protem, fat, ash 
and water 

Earher mvestigations (43, 78-81) of the change m chemical composition with 
age have led to the view that the gam m weight of young growmg animals results 
m large part from accretions of protem, water and ash It has been observed, 
as age and hve weight mcrease, that the proportions of protem and water m the 
anima l tend to decrease and the proportion of fat to mcrease The proportion 
of mmerals may decrease shghtly but does not change greatly under usual con- 
ditions On the other hand, the absolute amounts of all of these substances 
probably mcrease with age especially m the case of the rat which grows contmu- 
ously, although slowly, throughout matunty 

TABLE 1 


Ltmtitng size of body and body parts of male rats of different strains 


STRAIN 

BODY WEIOHT 

BODY LENGTH 

mnnt 

LENGTH* 

HEART 

WEIGHT 

EIDNEY 

WEIOHT 

LIVER 

WEIOHT 


cm 

SJl 

cm 

AJL 

cm 

1 

SJL 

cm 

SJL 

cm 

Aje. 

cm 

SJL 

Yale albino 

640 

7 6 

27 6 

3 7 

44 

5 0 

1 46 

0 

3 60 

1 2 

19 6 

3 6 

Long Evans hooded 

540 

6 2 

26 6 

6 3 

41 

3 3 

1 46 

B 

3 60 

4 3 

17 6 

6 6 

Wistar albino 

430 


23 6 


39 


1 20 

B 

3 30 


14 6 



•Air dried All other values wet weight 

S R IS the significance ratio (difference divided by the probable error of the difference) 
If the quotient is greater than 3 the difference is considered significant 


The effect of the plane of nutntion on body composition is illustrated by 
McMeeken and Hammond’s mvestigations of swme, reviewed by Howe (18), and 
by Moulton, Trowbndge and Haigh’s (80) studies of cattle m which different 
nutritional levels were mamtamed by controlhng the quantity of food mgested 
Similar data for the body composition of rats have been reported by Pickens, 
Anderson and Smith (43) who mamtamed different nutntional levels by con- 
trolhng the quahty of diets fed ad libitum Essentially the same relations of 
protem, fat, ash and water v ere found for both species of animals and for both 
types of nutntional control 

Moulton (77) expressed the opmion that the plane of nutntion would not 
affect the composition of animals calculated on a fat-free basis unless the con- 
ditions were such as to cause retardation of development A similar view was 
advanced by Pickens, Anderson and Smith who found that the whole bodies 
vaned considerably m composition at 230 days of age but that the fat-free 
material of all groups vas practically of identical composition Different de- 
grees of correspondence were observed, however, over the experimental penod 
from weamng to 230 days It has been found from semi-loganthmic plots of the 















TABLE 2 

of bodff compontni* of moU rxU* on xKxrtout di4U 



oompomUoa not given 
































Porconlago (fal-free) of body components of mate rats on various diets 
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* Changed to lactalbumm at 110 daj^s of age 
t Postnatal age 

t Described as "supermaintenance diet,” composition not given 




















































OPTIMAL GROWTH OF THE BAT 


87 


data of Rckena el aX that the relation between the vanous componenta on the 
different diets waa the same ^\hethe^ calculated on a total wei^t or a fat-free 
basis. Differences in composition were of reduced magmtude when calculated 
on the latter basis Examination of the plots reveals that the rats fed the Ander- 
BOE-Smith diet had higher fat content of their bodies and more nearly optimal 
skeletal growth (ash) tMn rats maintamed on deficient diets 

It was concluded bj Light, Smith, Smith and Anderson (82) in 1934 that, under 
unfavorable nutntive conditions, the chemical composition of the body may be 
vaned so that the available food material is best used to support the Mtal equi 
libna and to mamtam the essential tissues This view that changes m body 
composition may reflect on “adaptation to deficient diets ' w as reiterated m the 
later studies of Pickens, Anderson and Smith (43) The general concept that 
there may be a *^vital portion^' and a “reducible portion” of the animal body 
has been discussed more recently by Nash (83) This hypothesis is somewhat 
analogous to that proposed m 1019 Terrome (84) The vital portion was con 
Bidered to be the part necessary for hfe and the reducible portion the port nor 
mally m excess of the minimum requirement for existence There was assumed 
to be a vital and reducible portion of each chemical consUtuent equivalent, 
respectively, to the amount present at death from inamtion and the amount 
lost durmg the period of inanition leadmg to death Nash reported data illus- 
tratmg the charactenatica of the vital and reduable portions of Wistar rata and 
he concluded that these body portions differed m composUon On the basis 
of this concept, it may be assumed that the body composition of rats on deficient 
cQets w ould resemble more closely the composition of the vital than the reducible 
portion* 

Values for the percentage composition of water, protem, ash and fat m the 
vital and reducible portions of rats calculated from Nash^s data and m the bodies 
of rats calculated from the data of Pickens el al (43) and laght ct al (82) are 
shown in tables 2 and 3 Although both the Yale and "Wistar strains of rata 
were employed m tiiese studies, defimte etram differences m respect to chemical 
composition have not been demonstrated unequivocally even though the possi 
bility that such differences may bo foimd is indicated by the work of other inves- 
tigator Stram differences of rata m response to dietary cholme (85), biotin 
(88,87), lactose (88,89), glucose (90-94) and the B-vitamms, mmerals and pro- 
teins (95) have been reported 

* It mjiy be th&t tb« method employed by Neeb doee not giye a tree picture of changes In 
ash content of animals maintained on inadequate diets The decrease In ikeletal material 
in ttarvation may not be equivalent to the incKaae on a poor diet although the ash values 
may approach each other Kash has stated that **it U conceivable that by varying the 
inamtion diet e g by restricting in the diet only the constituent considered, the reduable 
portion of the constituent may be found to be larger and the vital portion smaller than these 

respective portions as determined by the effects of a complete inanition diet, since on a 
complete Inanition diet death may occur due to the insufficiency of an essential chemical 
other than the particular constltaeot under conrideration He pomted out In addition, 
that death donng starvation is noi necessarily due to loss of body substance per i« but ma> 
be caused by inajiillty to maintain physiological equilibria 



TABLE 4 

K values (slopes) of helerauxeltc curves for body components of male allnno rats on various diets 
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Nash (83) 

Lowrey (106) 

Hamilton and Dewar (38) 
Hatai (109) 

Pickens et al (43) 

Pickens et al (43) 

Nash (83) 

Buchner and Peter (106) 

Chanutin (76) 

Pickens et al (43) 

Pickens et al (43) 

u 

a 

Wistar 

'Wistar 

Not given 
■Wistar 

Yale 

Yale 

■Wistar 

Not given 

Not given 

Yale 

Yale 

B 

A 


Not given 

Not given 

Not given 

Qhadin 

Calorie control 

Control 

Not given 

Not given 

Stock 

Anderson-Smith 

>* ■ 
§ 
«< 

S 

3 

3 

2 

Vital 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

s 

1 

1 11 

1 09 

1 28 

0 93 

1 40 

0 90 

1 07 

0 93 

1 26 

1 33 

0 87 

1 36 

Protein 

1 16 

1 15 

1 16 

1 13 

1 13 

1 13 

1 11 

«> 

0 97 

0 93 

0 97 

0 97 

0 97 

0 97 

0 95 

0 96 

TOTAL-WWGHT BASIS 

Fat 

0 63 

0 76 

1 09 

1 43 

1 10 

1 64 

1 11 

1 84 

1 17 

1 80 

1 

1 13 

8ss:s 

»— t rH O O ^ rH ^ »-H O 

Protein 

1 16 

1 16 

1 23 

0 98 

1 11 

1 11 

111 

1 11 

1 07 

Water 

0 97 

0 98 

0 97 

0 97 

0 97 

0 93 

0 96 

0 06 

0 95 

0 92 


Deaonbed aa "supennaintenance diet,” composition not given 
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It may be concluded from the data in table 2 that, aa the efficiency of the diet 
mcreases, the composition of the body becomes less similar to that of the vital 
portion and more similar to that of the reducible portion On a fat-free basis 
(table 3), the percentage of nater and protein is essentially the same for all 
diets but that of ash is mversely related to the efficiency of the diet Ad- 
ditional mformation is yielded by considenition of the curves of growth and 
heterogony derived from Huxley’s heterauxctio equation which has been em- 
ployed by Needham and other investigators (6, 23, 36, 38, 83, flO) Some of the 
data exammed mdicate that on adequate diets the increase of chemical constitu- 
ents mth time follows this equation at least up to maturity The data are not 
extensive, however, and this problem has not been studied mtensively although 
there is some mdication that “disturbances” occur particularly dunng transition 
periods between growth phases (pre-weanmg and post-weamng growth periods) 
The turves obttdned by Nash who plotted the growth of the elements of the vital 
portion against the vital portion as a whole, are of particular mterest smee 
nutritionally limited growth should resemble that of the vital portion. 

In table 4 are hated values for the slopes of the stmight-hne curv es obtained 
from plots of the loganthtn substance weight against the logarithm body weight 
both on the wet-weight and the fat-free basis. These vahiea are given m the 
order of decreasmg similanty to the slopes calculated by Nash for the water and 
protein components of the vital portion In some cases a single straight Imo is 
inadequate to represent all of the data Needham (6) pomted out t^t heter- 
auxetic curves which are not sm^e straight lines may occur but he excluded 
curves of this type from his discuSBion It has been found m the present reviow 
that many of the variant curves may be attributed to nutntional disturbances. 
The K value for each section of such curves is shown m the table 

It IS of mterest that of the diets employed by Pickens, Anderson and Smith 
the Anderson-Srmth diet was the only one which yielded a smgle straight- 
hne heterauxetic curve for body ash and it may be inferred from the data given 
in table 4 that the proportion of water, protem and ash to total body weight 
mcreased with an efficiency which was at least as great on the Anderson-Smith 
as on the other diets. It may be concluded that rats raised on the Anderson- 
Smith diet are not abnormal in the proportions of water, protem and ash to total 
body weight on a fat-free basis 

Phibiolooical state It has been pointed out, previously, m this paper 
that the ideal conception of optimal growth would mclude optimal reproductive 
abihty, optunal resistance to disease and optimal longevity Although McCay 
(97) has found that increased rate of growth may be accompamed by decrease 
m longevity, his observed longevitj was not related to optimal resistance to 
unfavorable environmental conditions No reports are available on the lon- 
gevity or the resistance to disease of rats raised on the Anderson-Smith diet. 

In table 5 are presented data on the reproductive performance of the Yale, 
the Long Evans and the Wistar strains of rata mamtamed on various diets. 
It appears evident from these figures that the reproductive performance was best 
on the Anderson-Smith diet In view of the findmgs of Gnffith and Earns 
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(67), Greemnan and Duhrmg (60), Momson (98), Fitzhugh el at (99), Templeton 
et al (100) and Emerson and Evans (56), it may be found that reproduction 
beyond first fitters may not be as satisfactory because of the relatively high fat 
(lard) content of the Anderson-Smitfi diet Experiments designed to test this 
hypothesis are m progress m the authors’ laboratory 
Exercise is mcluded among the more important environmental factors vhich, 
m addition to diet, may influence growth and physiological well-bemg of experi- 
mental animals Smce all of the rats considered m this review were housed m 
stationary cages, there is no mformation available on the extent to which the 
growth and reproduction data obtamed mth the Anderson-Smith and other 

TABLE 6 


Average reproducltve performance of different strains of rats on various diets 



Per 

litter 

Birth 

weight 

TOUKO 

•8 

R 

1 

Weaning weight 

6TRAIN 

\ szrzuxNCt 

Malei 

Femalea 

per cent 

numier 

em 

percent 

gm 1 

tm 



86 

7 2 


71 

23 

26 

i Yale 

Mendel and Hubbell (42), 1912 

65 

6 3 


67 

31 

31 

I Yale 

Mendel and Hubbell (42), 1919 

68 

6 4 


76 

31 

30 

i Yale 

Mendel and Hubbell (42), 1925 

93 

9 6 

5 8 

90 

48 

47 

Yale 

Mendel and HubbeU (42), 1935 

81 

6 9 

6 8 

82 

43t 

! 

Long-Evans 

Evans and Bishop* (107), 1923 


6 7 

6 9 



1 39 

Long-EvauB 

Freudenberger (46), 1932 

96 

9 3 

6 3 

100 

66 


Long-EvauB 

This paper* 


6 1 

4 2 


20 

22 

' WiBtar 

Donaldson* (3), 1924 

81 

8 2 

4 8 

67 

29t 

WiBtar 

Greenwood* (108), 1940 


8 6 

64 


41 

38 

WiBtar 

Freudenberger (46), 1932 


* First litter data Litter number not specified in other oases 
t Refers to the 6 or 7 young retained of the total litter 
t Average of young weaned Figures not given for each sev 


diets would have been altered by voluntary exercise The conclusions on this 
pomt from published data are conflictmg It was reported by Hatai (101) that 
the heart, fiver and kidneys of exercised rats were heavier than the same org^ 
of non-exercised animals though there was httle, if any, difference m body 
length and body weight The spleen and the lungs of the non-exercised rats 
were found to be heavier than these organs of the exercised animals Hatai’s 
observation that exercise prevented, or at least delayed, the onset of a prev- 
alent pulmonary infection m the albmo rat may be mterpreted to mean 
that the heavier lungs of the unexercised rats resulted from infection rather 
t.bflTi from any normal physiological variation Seven generations of rats were 
' studied by Donaldson (102) who found that exercised males vere shghtly fighter 
and exercised females somewhat heavier than the non-exercised animals although 
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the effect wns not cumulative from generation to generation Body length was 
not appreciably affected, but the heart, kidney, suprarenals and gonads of the 
exerci^ rats were Bomemhat larger than these organs of the non-exeroised 
nninmk Donaldson attnbuted the decrease m body weight of exercised males 
to loss of body fat and this conclusion was corroborated by Reed, Yamaguchi, 
Anderson and Mendel (62) Borovansky (103) reported that the body wei^t 
both of male and female rats was heavier for the exorcised than the non-exercised 
animals Cages facilitatmg voluntary exercise were recommended by Qreenman 
and Duhring (00) who stated that, “as a result of a hi^ily varied diet, genthng 
and exercise, it is not only possible to produce heavier animals but their fertihty 
also may bo greatly mcreased ” Some evidence mdicatmg decreased longevity 
of exercised rata has been presented by Slonaker (68) 

The effect of food intake, activity and temperature upon the body wei^t of 
twelve female albmo rata of the Sprague-Dawley stnun has been studied recently 
by Brobeck (lOi) It was concluded that (a) there was a negative correlation 
between weight change and activity when food mtake and environmental tem- 
perature were constant, (b) mcreaamg the food mtake mcreased body weight 
gam when activity and environmental temperature were constant, and (c) weight 
loes was less at 86° than at 70°F when food intake and activity were constant 
The foUowmg criticisms of these carefully controlled experiments might be 
offered Wei^t gams would not bo comjiarnble at different ages (4 to 10 
months) of rats smee growth on the expcnmental diet, oven of the non-exorased 
rats, was sub-optimnl Itwouldbeof mterost, and possibly of mcreased physio- 
logical significance, to carry out this same experiment with a near-optunal ration 
fed ad lUntxtm 


SUIQIAHT 

Hats, rat organs and chemical components of rats grow (increase In weight or 
other dimensioiis) at rates or in proportions which are considered to be sub- 
optimal, adequate or near-optunal The straighUme curves derived from 
plots of the logarithms of weights or lengths and the reciprocals of time accordmg 
to the equations of Zucker cl al appear to provide satisfactory, although cm 
pmcal, bases for tho evaluation of growth of rats and the relative efficiency of 
experimental diets Rats of the Yale, the Long Evans and tho Wistar strains 
appear to have widely different limitmg weights which represent stram differ- 
ences necessary to consider m growth expenments Although voluntary exer- 
cise and temperature affect gam m body woi^t of female rats significantly on 
sub-optimal diets it has not been determined to what extent growth on near- 
optimal diets would bo influenced by these factors. No abnonnahties m tho 
growth of rats, rat organa and chemical components of rats maintain ed on tho 
itndorson-Smith diet have been obsen cd It appears that the Anderson-Simth 
diet IS Bupenor to tho other diets for which experimental data are available in 
promoting high quahty growth and reproductive porfonnanco of rats. 

It has been concluded os a w orkmg hypothesis that the Andcrson-Smith diet 
contains the types and proportions of chemical substances which are near 
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optimal for the growth of body, organs and body components and for the repro- 
duction of the rat No information is available on the efficacy of this diet in 
promotmg longevity, resistance to disease and physiological well-bemg as deter- 
mmed by other cntena 
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DEVELOPMENT OF THE GRAAFIAN FOLLICLE AND OVULATION 
FREDERICK L HISAW 
The Bioloffical Lab<rralor‘**, Earvard Umverttly 

IVenty years have passed since it was discovered that ovulation could be 
induced in sexually immature rats and mice by making sm^e or repeated im- 
plants of pituitary tissue (Smith, 1026, Aschheim, 1026, Zondek, 1926) Also, 
a similar penod has elapsed smce a practical laboratory technique was devised 
for hypophysectomizmg rata (Smith, 1927) These two events gave impetus to 
an enormous amoimt of research on pituitary-ovarian relationships Many 
species of vertebrate animals, rangmg from fishes to mammals, have been used 
in experiments on ovulation and the gonadotropic preparations employed have 
been equally diverse Much of this work has been of an empirical nature and 
further coraphcated by wide variation both m methods used for prepanng and 
standardiong gonadotropic materials and experimental procedures This makes 
it difficult, if not impossible, to find a common ground for the comparison of 
results 

The object of this review is to discuss the normal processes mvolved in the 
development and ovulation of a Graafian folhcle with particular emphasis on 
the parts played by the pituitary and ovanan hormones For Uus purpose, a 
rather arbitrary selection from the extensive hteratore dealmg with this subject 
was made and only those papers ^^•e ^0 mcluded that have a direct bearing on the 
development of the topic The author is aware that this may lead to errors of 
omission and consequently, wherever possible, works of general nature are m 
eluded from which additional references may be obtamed 

FoLLiCTTLaR DEVELOPMENT Ovulatiou, in mommals, marks the end of the 
folhoular phase of the eatrous cycle ond the beginning of the luteal phase 
"When conridered from the standpoint of probable evolutionary significance the 
luteal phase is a spedalisation Ovulation is not followed necessarily by the 
development of a corpus luteum and when such occurs it is not always asso- 
ciated with vmpanty Corpora lutea are not present in amphibia but are found 
in many species of oviparous, ovoviviparous and viviparous clasmobranch fishes 
and reptiles Such corpora are not essential for the mamtenance of pregnancy 
nor 18 it known that they secrete progesterone Therefore, neither luteinixation 
nor the presence of progesterone, at least m vertebrates other than mammals, 
IS an mdispensable requirement for ovulation 

On the other hand, the factors that control development of the follicle and 
ovulation seem to be fundamentally the same, if not identical, in all vertebrates 
The ph 3 r 8 iological processes mvolved m the follicular phase of the estrous cycle 
of mammals are apparently homologous with those responsible for growth of 
folhcles and ovulation m species of vertebrates m which a luteal phase is lackmg 
Thus, the available evidence mdJeates that m this regard all vertebrate animala 
are basically alike 


05 



96 


FREDERICK L HISAW 


I 

Ovanan function m the adult animal is under the direct hormonal control of 
the antenor lobe of the pituitary gland (Smith, 1939) and the two active agents 
mvolved are the folhcle stunulatmg hormone (FSH) and the luteimzmg hormone 
(LH) (Fevold, 1939, 1943, Chow, 1943) The ability of the ovanes to respond 
to 'these pituitary gonadotropins is attamed as the animal aproaches sexual 
matunty while the ovanes of the very young animal are refractory It is also a 
co m mon observation that even m the adult animal all the follicles are not equally 
responsive When a pituitary extract is given m small doses to a rat the effects 
may be l im ited almost entirely to the larger follicles, but if the dosage is increased, 
smaller follicles are called mto the reaction, while the pnmordial folhcles fail 
to be stimulated even when large amounts of the preparation are mjected This 
raises the question as to the pomt at which, m the life of a follicle, it becomes 
responsive to gonadotropic hormones and thus comes under pitmtary control 
Therefore, some consideration should be given to the conditions govemmg fol- 
licular growth amce they determme whether or not development is termmated 
by a successful ovulation 

One of the stnkmg features of the adult ovary is the presence of tissues that 
have retamed their embryomc characteristics The cells of the germmal epi- 
thehum, m probably all vertebrates, are capable of active mitoses throughout 
the reproductive life of the animal This tissue seems to be homologous with 
the coelomic epithehum and either hes entirely on the surface of the ovary or, 
as is more usual, is represented by tissue m the ovanan cortex which was denved 
earher from the surface epithehum (Mossman, 1938) The embryomc nature 
of the germmal epithehum is also shown by the fact that oogenesis may contmue 
even after sexual matunty (Hartman, 1939, Mossman, 1937) 

The primordial folhcles, whether they are budded off directly from the germinal 
epithehum on the surface of the ovary or are formed in the underljung ovanan 
cortex, at first do not have a theca mtema Such folhcles consist of an oocyte 
surrounded by a smgle layer of granulosa cells When the oocyte begins to 
grow, a theca mtema is formed from the contiguous connective tissue As the 
theca thickens by hjrperplasia and the addition of more cells from the stroma, 
it IS provided with vascular loops which cover the folhcle but do not enter the 
granulosa Correlated ivith this is an mcrease m mitotic activity m the granulosa 
and the ovum becomes situated m the center of a solid ball of cells several layers 
m thickness 

Oogenesis and folhcular development m mammals can proceed up to this 
pomt m the absence of pituitary hormones In the immature hypophysec- 
tomized rat folhcles may develop to the stage of begmnmg antrum formation 
(Snaith, 1930) and the total number of primordial folhcles may be greater than 
normal (Swezy, 1933) Hypophysectomy of the adult ammal leads to rapid 
atresia of all of the large antra-contaimng folhcles, while the small follicles 
without antra may show no effects This seems to be the general situation 
among mammals but in some species follicular development, in the absence o 
the pitmtary, does not progress as far as it does m the rat (see Smith, 193 , 

for references) f 

The absence of pituitary control over oogenesis and early development o 
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follicle 13 probably charactensbc of all vertebrates Smith (1939) found that 
bypophysectomy of frog larvae (R hoylet) did not prc\ ent growth of the gonads 
up to the stage normally attamed at the tunc of metamorphosis Similar obser- 
vations have been made on other species of amphibia (Bums, 1932, Atwell, 1933, 
and Witschi, 1937) and Shaputi and Shapiro (1934) report not onlj the degen 
eration of large ova m toads (\enopua laeuia) but also an mcrcase in the number 
of small foDicles. 

We know almost nothmg in this regard about reptiles and only a few obser- 
vations have been made on birds Hill and Parkes (1934) found no folhcles of 
a greater diameter thnn 1 or 2 ram m the oinrj of a hj^iophysectomiied hen 
and state that the condition produced is essential]} similar to that found m the 
non laymg bird at the height of the moult Probably the most important differ- 
ence found amcmg the vertebrates is the sim the ovum can attam after ablation 
of the hypophysis The mammalian ovum can reach full sise but the growth 
of large ova m other groups is limited by an inabihty to deposit yolk. 

The sequence of events seen m the formation of primordial folhcles m the 
mammalian ovary is suggestive of developmental processes observed m the 
orgamsation of tissues m an embryo The sumlanty is so strikmg that one is 
tempted to postulate that it is probably brought about through the co-ordinated 
interaction of a scK-contained sj'stem of organiiers inthm the growing follicle 
The actual existence or nature of such orgamicrs in the foUicle has not been 
demonstrated, but organiiers are known to be present in the developuig gonad 
(Witschi, 1939) The arrangement of the granulosa of a primordial foUicle is 
apparently under the control of the ovum. WTien the ova are dcstrojed m mice 
and rats by x ra} treatment the germinal epithehum may form cords and clumps 
of granulosa cells instead of folhcles (Parkee, 1926, 1927, Brambell, Fieldmg 
and Parkes, 1928, Dnps and Ford, 1932, AHen, Hisaw and Gardner, 1939) 
AlthousJi there is much confusion concerning the details of the eSects of x rays 
on the ovary and the histogenesis of tissues foUowmg a treatment, yet it seems 
that aggregates of granulosa cells can orgamie the connective tissue of the stroma 
into structures resembhng a theca mterna If this is true, then it is clearly the 
granulosa and not the ovum that is responsfble for the formation of the theca 
At the same tune the theca mterna provides the foUicle with a blood supply and 
either this or a stimulus derived from the theca itself may account for the mcrease 
m mitotic activity of the granulosa in a growing foUicle 

It has been shown that estrogen has a direct effect on the ovary and this is 
of additional importance smee there Is considerable evndenco that the theca 
mterna is at least one of the sites of formation of estrogen (Comer, 1938, Moss- 
man, 1937) BuUough (1942) found that mtrapentoneal mjections of estrogen 
greatly mcreased imtotic activit} and oogenesis m the germinal epithehum m 
such distantly related vertebrates as rmce and minnows (P/ioxinus lacvts) He 
suggests that tlie increased imtosis m the granulosa of a growing foUicle mi^t 
also be due to estrogen It is mterestmg that estrogen can act os an organiier 
at its source of formation, and also function in the co-ordination of more remote 
bodil} processes 

Regardless of the mechanism foUicular growth can proceed m mamirml^ as 
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has been mentioned, up to the appearance of the antrum folhcuh m the absence 
of the pitmtary This condition is reached m the normal mouse by the twelfth 
to fourteenth day of age (Engle, 1931) and m rats by the eleventh ^y (Hargitt, 
1930) Previous to this time, the young folhcles m both rats and mice are re- 
fractory to the gonadotropic action of pitmtary hormones A similar situation 
exists m rabbits (Hertz and Hisaw, 1934) Probably the ovanes of all mammak 
are refractory to gonadotropins from birth to a specific age which is character- 
istic of each species Clauberg (1932) speaks of this penod as “mfantile” and 
the mterval between the appearance of responsiveness and the first estrus as 
“juvenile ” The morphological difference between a folhcle that will not respond 
to pitmtary hormones and one that has gamed competence to react is not obvious 
However, it seems that the acquirement of sensitivity is correlated with the time 
at which the cells, of the theca mtema normally start differentiatmg mto epithe- 
hoid tissue 

Another mdication that a folhcle has emerged from the “infantile” mto the 
“juvenile” condition, and consequently is susceptible to pitmtary stimulation, 
IS the presence of an antrum The nature of the conditions under which antra 
are formed is not fully understood but the results of experiments by Lane (1935) 
are suggestive Lane first made a statistical study of the ovanes of normal rats 
from 15 days of age to sexual matunty and of rats hypophysectomized at 28 dajrs 
of age and killed from one to 38 days later The larger folhcles were classified 
mto two groups, those havmg two or more layers of granulosa cells were called 
primary folhcles and those havmg antra were designated as vesicular folhcles 
These data were used m determmmg the effects of pitmtary hormones and 
estrogen on the ratio between these two classes of folhcles and their total number 

Lane found that 22 day old rats given FSH twice daily for three days and 
killed when 28 days of age showed an mcrease over normal m the total number 
of primary and vesicular folhcles, but the percentage of vesicular folhcles re- 
mained about the same When LH was used the total folhcular number vaned 
httle from that of the untreated animal but there was a marked mcrease m the 
percentage of those folhcles havmg antra These gonadotropic preparations 
also produced similar modifications m the ratio between primary and vesicular 
folhcles m hypoph 3 fsectonuzed rats (Lane and Creep, 1935) These results mdi- 
cate that the formation of folhcular antra m rats is associated ivith the action 
of LH It IS qmte probable that LH plays an important part m this process 
but whether it alone is directly responsible for producmg this effect has not been 
satisfactorily proven 

It also seems possible that estrogen may influence folhcular development by 
causmg an mcreased secretion or release of LH from the pitmtary Hohlweg 
(1934) and Hohlw'eg and Chamarro (1937) found that lutemization could be pro- 
duced in the ovanes of immature rats by mjectmg estrogen Lane (1935) also 
found that an estrogen treatment caused an mcrease m the percentage of antra 
contaimng folhcles, m the ovanes of unmature rats, similar to that observed 
foUowmg the administration of LH Other obsen'^ations that tend to support 
the opmion that estrogen stimulates the secretion of LH by the pituitary will be 
presented m the subsequent discussion of ovulation 
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The immediate pomt under discuadon concema the factor or factors that 
enable a young follicle to gain competence to respond to the gonadotropic hor- 
mones of tho pituitary and thus start on its way toward full maturity and ovula 
tion There are verj good reasons for assummg that FSH, LH and estrogen are 
present at the tune the ovary of a young animal gams competence to respond to 
mjected pituitary gonadotropins Yet we are qmte ignorant concemmg the 
individual r61es played by these hormones m tho conditiomng processes in a 
young folhcle It is evident that the earher esponments just cited, though im 
portant and suggestii’e, fall short of the mark m that they do not establish the 
mdindual action of a particular hormone to the exclusion of all others The 
pituitary gonadotropic preparations were admittedly not pure and that FSH 
and LH were separated completely is unlikely Recently FSH and LH have 
been isolated ns pure proteins and should prove to be of great value m the solution 
of this problem (For references see Chow, 1943, and Fevold, 1043 ) 

What seems to be needed are experiments m which the separate and combined 
actions of these gonadotropins, and estrogen, are tested on tho ovanes of hypo- 
physectomiied animals Some very important mvestigations of this nature 
have been made but so far more emphasis has been placed on changes m ovarian 
weights and gross morphology than on the foDicular populations and cytological 
modificationa of the ovary 

Creep, van Dyke and Chow (1642) studied the effects of LH (metakentrin, 
ICSH) and FSH (thylakentnn) isolated as pure protems from hog pituitanes, 
on the ovanes of hypophysectomiied immature rats The LH preparation 
prevented atrophy m the interstitial cells when the treatment was started soon 
after tiie operation or would repair the atrophic changes when the treatment was 
begun several days post-operatively It also produced enlargement of the thecal 
cells and at hi^ doses converted some of the smaller foDiolcs mto pseudo-lutem 
bodies These authors made little pomt of the presence of antra other than to 
mention their absence in the healthy appearmg follicles m control animala killed 
twelve days after hypophysectomy and the presence of microscopic antra m a 
few folhcles m the ovanes of animals that had received LH 

The administration of pure FSH caused the Graafian folhcles to grow, mature, 
and pass mto atresia without becommg lutemized or cystic The ovanes ro- 
mamod small oven m animals gii en large doses and the folhcles did not attam 
the sue of mature folhcles m normal rata The interstitial tissue and theca 
interna were not affected and there was no indication of estrogen secretion. 
Results that agree with these m most respects have been reported for pure 
gonadotropins obtomed from sheep pituitanes (Fraenkel-Conrat, li and Sunp- 
Bon, 1943) 

When hypophysectomiied rats were given a combination of pure FSH and 
LH simultaneously the effects on the ovanes were like those produced by un- 
fractionated pituitary extracts (Creep, van Dj ke and Chow, 1942) The ovanes 
were heavier than could bo obtained with either hormone alone Tho folhcles 
grew to full sue and were luteiniied while the theca mterna was well developed 
and estrogen was secreted These exiionments confirm previous ideas as to the 
functions of the piluitarj gonadotropins in folhcular development (F„ 't; 

••U 
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but they leave many questions unanswered and at the same time raise a new 
one concemmg the possible importance of the direct action of estrogen on the 
folhcle 

Williams (1940, 1944, 1945) recently has made the observ'ation that tablets 
of diethylstilbestrol implanted subcutaneously m immature female rats two days 
after hypophysectomy prevent or greatly retard the atrophy of the ovanes 
He also found that the response of such animals to the mjection of pregnant 
mare serum was markedly mcreased and the lutemization of the granulosa was 
much more pronounced than m the nonestrogemzed controls Pencharz (1940) 
also has reported an mcrease m size of the ovanes of hypophysectomized rats 
given subcutaneous implants of diethylstilbestrol The mcrease m ovanan 
weight m response to diethylstilbestrol was about three tunes that produced by 
estradiol dipropionate while testosterone propionate was without effect It was 
suggested that this discrepancy between the action of the tn o estrogens probably 
V as due to a difference m rate of absorption 

These estrogens, and especially diethylstilbestrol, had a marked effect on the 
folhcles The ovanes of the treated animals were packed tightly with medium- 
sized folhcles and the mterstitial tissue was greatly reduced Pencharz also 
made the mterestmg observation that the reaction to estrogen gave the other- 
wise refractory ovanes of the hypophysectomized animal a most remarkable 
abihty to respond to chonomc gonadotropm 

Sunpson, Evans, Fraenkel-Conrat and Li (1941) confirmed the work by 
Pencharz and also studied the effects of estrogens on the response of the ovanes 
to FSH and LH preparations They noted that the mcrease m size of the 
ovanes of hypophysectonuzed rats given estrogen was due to a “shght but 
defimte” growth of many folhcles Such follicles in spite of an mcrease m size 
did not develop antra and it is mentioned that some showed a penpheral zone 
of degeneration This last pomt was not discussed m detail but it appears that 
the defect (ref fig 4) was m the basal part of the granulosa The estrogens 
did not repair the mterstitial tissue and presumably this was also true for the 
theca mtema although it was not descnbed 

The mfluence of diethylstilbestrol on the action of LH and FSH was tested on 
immature female rats that were hypophysectomized at 28 days of age Estrogen 
tteatment was started the day after hypophysectomy, the gonadotropms were 
given on the fifth to seventh days and the animals were killed on the nmth 
The estrogen did not modify the action of LH, the reaction bemg the additive 
effects of both hormones However, there was a marked mcrease m the reaction 
of the ovanes to FSH FSH alone produced development of large and medium 
folhcles and there was no repair of the mterstitial tissue When the same dosage 
of FSH was given to anunals that had received diethylstilbestrol the ovanes 
attamed a much greater weight and contained large foUicles, corpora lutea and 
thecal luteimzed follicles while the mterstitial tissue “was not repaired (or only 
partly) ” The lutemization w as probably due to the presence of LH as Fraenkel- 
Conrat et al (1943) state that they had not been successful m ehminatmg all 
of the lutemizmg hormone (ICSH) from their FSH preparations However, 
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thefle resulte indicate that estrogens greatly potentiate the action of FSH m the 
hypophysectomiied animal and at the same time, judgmg from dosage, suggest 
the possibihty that the treatment made the theca interna and interstitial tissue 
more sensitiiT! to the acfaon of LH 

These obsenatlons on sexually immature animals suggest several points of 
interest that can be discussed better after folhcular gron-th in the estrous oyole 
of the adult has been considered 

In the normal estrous cycle of guinea pigs and rats those follicles that are 
dcstmed to ovulate begm their deielopment dunng a period of estrus and reach 
matunty at the succeedmg estrus Dunng the mtervening diestmm they mam 
tain a growth rate that is nearly constant (Dempsey, 1037, Bohng, Blandau, 
Soderwall and Young, 1041) This probably holds for most mammals m which 
the estrous periods follow each other m more or leas rapid succession and as far 
as the history of an individual folhcle is concerned, after growth has started, 
this seems true in a general way for all vertebrates The chief difference bcmg a 
matter of time 

Some very significant facts regardmg folhcular growth have been obtained by 
examimng the mitotic rate m the granulosa and theca through the use of col 
chieme Schmidt (1042) made a thorough study of the folhcles in the ovaries 
of gumea pigs, from the tune of their orlgm in the germinal epithehum (Schmidt 
and Hoffman, 1041) to ovulation and the formation of corpora lutea Pnnmry 
folhcles 25 to 30 g m diameter are formed from cell nests in which the flattened, 
undifferentiated granulosa cells become arranged around the young ovum. This 
process seems to take place without mitosis and mitotic figures are rarely seen 
m folhcles leas than 60 n m diameter, at which tune the flattened granulosa cells 
arc differentiatmg mto the typical cuboldal type 

In the gumea pig the folhcles acquire a thm theca interna as they approach 
a diameter of 200 g and at this stage, or soon afterwards, a small antrum is 
formed At this pomt, as mdicated by mitotio activity, the folhcle enters a 
period of active growth, presumably under pituitary influence At first this is 
slow but becomes rapid when the folhcle has reached a diameter of about 300 g 
The growth rate m both granulosa and theca is most active from this tune until 
the folhcle is 600 g m diameter This is followed by a gradual dechne m mitotic 
activity m the theca while m the granulosa the number of mitoses contmues to 
increase, though growth is no longer as rapid, until a folhcular diameter of 800 g 
is attained Thus it is seen that the period of rapid mitoses m the granulosa is 
preceded by the formation of a theca mterna and when mitotic aotmtj roaches 
its peak m the theca and begins to dechne this change apparentlj is reflected 
in the granulosa by a decrease m imtotic rate 

These peaks of mitotiO activity doubtless mdicate on abrupt turnmg pomt in 
the physiology of the folhcle Those that escape atresm contmue to morease m 
sue, pnmanlj throu^ the accumulation of follicular fluid, but the number of 
mitoses rapidly decreases and the} are absent at ovulation Folholes havmg a 
diameter greater than 800 g are first seen on the elci’enth da} of the cycle This 
IS vor} significant, as the eleventh day is also the average time that gumea Jiigs 
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come into estrus when the cycle is shortened by removmg the corpora lutea after 
omlation (Loeb, 1911, Dempsey, 1937) Also Dempsey, Hertz and Young 
(1936) found that ovulation could be mduced m the guinea pig as early as the 
twelfth day of the cycle by mjectmg an LH preparation Therefore, the folhcle 
becomes “mature,” m the sense that it is capable of ovulation, soon after its 
diameter mcreases beyond 800 y. However, m the normal cycle the sudden 
spurt m growth, or preovulatory enlargement, may not occur until three or four 
days later 

These observ’^ations on the gumea pig probably represent the general situation 
m mammals The only other animal that has been studied mth an equal degree 
of thoroughness is the rat Lane and Dans (1939) employed the colchicme 
techmque m a careful study of rat ovanes selected at vanous tunes durmg the 
estrous cycle Then results differ from those mentioned for the gumea pig only 
m matters of degree m that the events seen m the sixteen-day cycle of the 
gumea pig occur more rapidly m the four to six-day cycle of the rat (Bohng, 
Blandau, Soderwall and Young, 1941) 

It is obnous that the facts at hand are madequate as a basis for defimte con- 
clusions concerning the ph 3 rsiological mechamsm directmg and co-ordinatmg the 
formation of a foUicIe, yet they present certam suggestive features that en- 
courage speculation In the first place it seems probable that the folhcle is 
under two sets of controls, one withm the ovary itself and the other outside 
The endogenous factors m the ovary work on the prmciple of embryological 
orgamzers For example, the primordial ovum seems able to arrange the cells 
that surround it mto a granulosa one cell m thickness The mfrequent imtoses 
in such folhcles indicates that the growmg oinim probably exercises httle if any 
mfluence on such actmty However, the fact that dunng atresia and pre- 
oinilatory enlargement precedmg ovulation, the last place m ivhich mitotic 
activity disappears is the germ hill, suggests that the mature ovum possesses 
some abihty to stimulate rmtoses 

The orgamzmg action of the ovum also is mdicated by the observation that 
after the egg is lolled by x-rays, the granulosa cells remam m clumps and cords 
Also, the fact that the granulosa can persist m the absence of an ovum makes 
possible further deductions Ovanes of x-rayed animals secrete estrogen and if 
the theca mtema is the source of estrogen we may conclude that it is the granulosa 
rather than the oinim that is responsible for orgamzation of the theca How- 
ever, what influence if any progesterone might have on the organization of a 
folhcle m the estrous cycle of mammals is as yet unknown 

The active agents formed outside the ovary are the pitmtary gonadotropic 
hormones FSH and LH which, by then combmed action, cause the secretion of 
estrogen withm the ovary The results of the mvestigations that have been 
cited defimtely shov that from the time a folhcle enters the penod of rapid 
growth until ovulation it is constantly under the influence of these three hor- 
mones Furthermore, these obsenmtions also give some mdication of the func- 
tion of each hormone Mamtenance and maturation of the theca mtema are 
controlled by LH Also, FSH cannot promote the secretion of estrogen m the 
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absence of LH It secniB probable, Uiough it has not been proven, that the 
theca interna through the action of LH acquires competence to respond to FSH 

One of the functions of FSH is to produce enlargement of the folhcle, primarily 
by the accumulation of flmd m the antrum This action is limited m the 
hypophysectomited rat as shown by the failure of the follicles to reach normal 
size (Creep, van Dyke and Chow, 1942) The reason for this is not clear nor 
has the source of the folUcular fluid been determined Neither is it knomi with 
oertamty which structure, if any, in the folhole gives a specific response to FSH. 
It has been generally thought that the granulosa was the structure concerned 
but this probably should be questioned now smee it is known that hyperplasia 
of the granulosa can be mduced with estrogens and that this effect greatly 
mcreases the response to FSH This, of course, raises the question as to the 
importance of estrogen, which is always present, durmg the simultaneous action 
of FSH and LH 

A point worth considering is the possibHity that estrogen secreted by the theca 
Interna m response to FSH and LH may function m folhcular development as 
the growth stimulatmg agent for the granulosa This thought is not invahdated 
by the fact that estrogens must be administered m large doees to produce this 
effect (Wilhams, 1944) The theca mtoma closely mvests the granulosa and the 
constant secretion of nunute amounts of estrogen would be many tunes more 
effective under such a situation than much larger amounts given subcutaneously 
Also, the fact that estrogen is secreted m the ovary may be a good physiological 
reason for a much higher threshold for ovanan structures, if such ensta, than 
for responsive tissue elserwhere m the body 

Another posaibUity worth mentiomng before conchidmg this hne of thou^t 
is that some estrogen may be secreted m the manes of very young or hypo- 
physectomiied anunals The presence of hpoidal material m the thin theca of 
small folhcles less than 200 p m diameter, as demonstrated by histochemioal 
techniques, lends support to this idea (Dempsey and Bassett, 1943) Follicles 
m the rat’s ovary do not respond to pitmtary gonndotropms before they have a 
diameter of about 200 p and 1701101118 finds that the granulosa of primordial 
follicles is not stimulated by estrogens It is also true that mitosis m such fol 
llcles normally proceeds at a relatuely slow rate These observations make one 
wonder if the granulosa gams compotenco for rapid growth in response to estro- 
gens at the same time that the folhcle becomes sensitive to gonadotropins. If 
this is true, then it seems possible that the pitmtary gonadotropins, for one 
thmg, simply take over and augment n process that already has been started 

A question that often is raised is why a juiemie animal whoso ovanes are 
capable of being stimulated by mjected gonndotropms, does not come mto sexual 
precocity m response to her own pituitary secretion The histology of the 
ovanes and the changes that occur followmg pituitary ablation clearly show that 
the pituitaries of such animals are actively secretmg It is also true that the 
ovanes may show several cycles of folUcular growth and atresia before the 
first estrus 

Wo have no quantitative data that are satisfactory for an analysis of these 
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facts Several investigators have mentioned the possibility of an increase in 
secretion of the gonadotropins as the animal approaches matunty There are 
no acceptable techniques for determming the exact amount of FSH and LH m 
pitmtary tissue or unfractionated extracts (Fevold, 1939) and until such are 
devised this pomt caimot be settled Another possibihty worth considenng is 
that the folhcles may become more responsive to a given amount of pituitary 
gonadotropins with the advance m age of the ammal It has been shown that 
this IS true for the reactivity of the male and female accessory reproductive 
organs to estrogens and androgens (Hooker, 1942, Pnce and Ortiz, 1944, Pnce, 
1944) 

We know considerable about the physiology of follicular development but 
there is much yet to be learned about specific processes mvolved One of the 
obstacles that has retarded advancement has been the lack of pure preparations 
of pitmtary gonadotropms but this now has been removed Pure LH has been 
prepared m three laboratones (Chow, van Dyke and Greep, 1942, Li, Simpson 
and Evans, 1942, Fevold, 1943) and FSH m one (Chow, 1943) It is true that 
so far the reactions produced in the ovary by these pure substances tend to 
confirm previous reports for FSH and LH preparations, m which the two hor- 
mones were not completely separated However, pure FSH and LH have not 
been used m makmg a cntical analysis of folhcular development and their 
effects on the foUicular populations of the ovary should be determmed. This 
would contnbute to a better understandmg of the synergistic reaction produced 
m the ovary by the action of the tivo hormones It has been demonstrated that 
grow'th of the granulosa in response to estrogen facihtates the response of the 
folhcle to FSH, but it has not been shown that the changes produced m the 
theca mtema by pure LH will also potentiate FSH All that is known, m this 
respect, for the pure gonadotropms is that the response of the ovary is greater 
when FSH and LH are given simultaneously, however this does not ehmmate 
the participation of estrogen m the reaction A detailed study of morphological 
changes m the folhcle mduced by the mdependent and concurrent actions of the 
pure gonadotropins and estrogens would greatly advance our knowledge of 
ovarian physiology 

Ovulation The rupture of a mature Graafian foUicle and release of an 
ovum has been the subject of more research durmg the last tw^enty years than 
almost any other problem concerned mth ovanan physiology Out of this have 
come certam w^ell estabhshed facts, one of which is that m normal animals 
ovulation is under the control of the pitmtary Also, the reaction can be m- 
duced by mjectmg the gonadotropms obtamed from the unne of pregnant 
women and the blood serum of pregnant mares 

This review is concerned with development of the foUicle and ovulation m 
the normal estrous cycle, therefore we are mterested m pitmtary-ovanan mter- 
actions How^ever, experiments m w'hich the chonomc gonadotropms W'ere em- 
ployed have contnbuted much tow'ard a better understandmg of normal ovula- 
tion, and are useful for our discussion Yet, one should keep m mmd the fact 
that chonomc gonadotropms are hormones of pregnancy and are neither c em- 
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ically nor phymologically idonbcal either mth each other or ■roth pituitary 
gonadotropmfl Their gonadotropic action, thou^ interesting and usclul for 
expenmentation, is nevertheless incidental to their normal function (IDngle, 1939 , 
Astwood and Creep, 1939, Hisa'n, 1944) 

The rupture of a folhcle, as seen m mammals, is preceded by a period of rapid 
grovrth referred to as pre-omlatory enlargement A sunilar phenomenon prob- 
ably occurs m other vertebrates but is modified and obscured by the presence 
of large yolk-laden ova The morphological changes that take place durmg pre- 
ovulatory enlargement and rupture of the folhcle have been described in detail 
for several species The literature deohng mlh this has been revieaved by 
Hartman (1939) and the render is referred to this and a more recent paper by 
Dawson (1941) 

The folholes that undergo pre-ovulatory enlargement and ovulation in the 
estrous cycles of guinea pigs and rata are those that have survn ed a period of 
extensive atresia (Schmidt, 1942, Lane and Davis, 1939) Such folhcles can bo 
distmguiahed by the third day of the cycle m the rat and by the twelfth day m 
the gumea pig From this tune until pre-ovulatory enlargement sets m there 
is a progressive mcreaso m diameter and n further differentiation in the theca 
and granulosa The most conspicuous change seems to involve the theca and 
consists of an mcrease m blood supply, shown by a rapid proliferation of endo- 
thehnl cells which becomes enormous durmg pre-ovulatory enlargement 

The number of eggs ovulated at one time is qmte constant for the different 
species which raises the question as to why certam folholes are selected and 
others are ehmmated by atresia There is no obvious answer but it seems pos- 
sible that the immediate cause of atresia might result from a failure of proper 
diFerentiation of the theca mtemn This thought seems more plausible when 
one considers the differential action of F8H and LH on the ovary Fovold (1937) 
found that the ovaries of hypophysectomiiod rats showed a greater response to 
an FSH preparation when the treatment was preceded by three daily injections 
of LH Althou^ the LH preparation did not cause an mcrease m oimnan 
wei^t, the effects it produced augmented the response to FSH The gross 
appearance of the ovancs mdlcated that the reaction to FSH was facihtated by 
an mcrease m the number of folhcles that were capable of responding 

There are a number of facts that tend to support the idea that atresia is due 
to defective differentiation of the theca mtemn resulting from inadequate atimu 
lation by LH The first of course is the sjiecific action of LH on the theca 
mtemn lesultmg in hypertrophy of the thecal cells and mcrease In blood supplj 
Another is the theca as a source of estrogen (Comer, 1938) and the part it might 
take in the growth and differentiation of the granulosa If estrogen is responsi- 
ble for growth of the granulosa then the obsen ation that mdications of atresia 
first appear in that structure also suggests failure of the theca (Mossman, 1937, 
Schmidt, 1942) 

The fact that atrophy of the fofiiclos m hypophysectomued rats is preiented 
by the direct action of mjected estrogen on the granulosa also supports the argu 
ment (Wilhams, 1945) The effect of estrogen on the ovary resembles that of 
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LH m that it apparentlj’^ increases the number of foUicles that are responsive to 
FSH, yet it differs m a very important respect Although LH alone prevents 
atrophy of the theca and promotes its differentiation it cannot maintam the 
folhcles for an extended penod, the probable reason bemg that estrogen is not 
secreted It is logical to infer, from experimental evidence, that the well-bemg 
of a folhcle depends upon the co-ordmated action of FSH, LH, and estrogen A 
recent contnbution to this thought is the observation by WiUiams (1940) that 
estrogen mcreases the sensitivity of the granulosa to the luteimzmg action of 
pregnant mare serum Whether or not this explanation for atresia of large fol- 
hcles previous to ovulation is entirely correct, it seems evident that such folhcles 
do not become atretic necessarily because they are mcapable of respondmg to 
developmental stimuh 

Superovulahon That many more folhcles are capable of bemg brought to 
o\nilation than normally occurs has been known smce the early experiments of 
Smith and Engle (1927) They obtamed 20 to 48 ovulations m rats and mice 
by implantmg pitmtary tissue Such ova were capable of bemg fertihzed and 
as many as 29 implantations v ere found on the mnth to tenth day of pregnancy 
(Engle, 1927, 1931) Later, Cole (1937) obtamed similar results with pregnant 
mare serum Superovulation has been mduced m several species by mjectmg 
gonadotropic preparations, but for the purpose of this discussion we are mterested 
primarily m quantitative data that show the conditions under which the response 
can occur and the nature of the reaction Unfortunately such papers are not 
many and data are difficult to compare due to differences m method of prepara- 
tion and standardization of gonadotropic extracts This is particularly true of 
pituitary gonadotropins for which there is no mtemational umt 

Evans and Sunpson (1940) used a highly purified FSH preparation m expen- 
ments on superfecundity m rats, as mdicated by supernumerary implantation 
This matenal was used on female rats 26 to 34 days of age that were placed 
with males 48 hours after the beginnmg of treatment A total dose of 10 to 
15 HU gave the highest number of implantation sites, while higher doses were 
progressively less successful and low doses inadequate Almost all the animals 
that breed did so between 48 and 60 hours after the onset of treatment These 
results are m agreement with those of Engle (pituitary implants) and Cole 
(PMS) and show that m both mice and rats approximately 30 implantations can 
be produced and the number of live young bom (17) mcreased about three times 
the normal number 

Rowlands (1944) reports that 50 to 60 gram rats given smgle mjections of 2 
to 60 lU of pregnant mare serum did not give consistent results either m number 
of ova o\Tilated or number of animals respondmg However, m a second senes 
of experiments it was found that ovulation could be produced regularly m such 
animals if the serum treatment was followed by an mjection of pregnancy unne 
hormone The optimal mteri al between mjection of serum gonadotropm and 
pregnancy unne hormone v as 48 to 72 hours, with the best results at 56 hours 
It IS also mterestmg that the number of ova ovulated vas correlated with the 
dosage of serum gonadotropm and not with the amount of pregnancy unne 
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hormone used to mduce o'vulation Superovulation could be produced followmg 
the injection of 30 lU of serum gonadotropm but ahnoet no ovulation could be 
obtained after a dose of 60 lU 

■Williams (1946) has shown that a smgle mjection of serum gonadotropm will 
produce ovulation m hypophysectonuied rats until the fourth daj foUovvmg the 
operation, but not later That the failure after the fourth da> was due at least 
m part to ovarian atrophy was demonstrated by injeetmg serum gonadotropm 
followed by an mjeotion of sheep or pig gonadotropm, pregnancy urme hormone, 
or a second treatment of pregnant more scrum (Rowlands and Williams, 1943) 
The optimum mterval between treatments was found to be four days and few er 
aniTnals responded when the second treatment was postponed untd the fiftieth day 
by which tune folhcular atrophy may have started 

If ovarian atrophy followmg hypophysectomy was prevented bj implantmg 
tablets of stilbestrol ovulation could be mduced by a single mjection of serum 
gonadotropm as m a normal animal (Williams, 1946) 

Babbits also have been used m mvestagations on superovulation. Pincus 
(1940) has reported extensive experiments on prepubertal and pubertal rabbits 
five or six months old and mostly of a chmchilla strain His usual procedure w os 
to stumilate follicular development by givmg six subcutaneous mjections of n 
gonadotropm over three days followed withm eight to twelve hours bj an mtra- 
venous inJecUon to mduce ovulation The preparations used to promote the 
growth of toUicles were pregnant mare serum, FSH frncfaons of sheep pitmtanes, 
and horse pitmtary extract Those employed for intravenous mjections were 
the serum gonadotropm, horse pituitary extract and a combmation of FSH and 
LH extracts of sheep pitmtanes He found that nil of these gonadotropic prepa 
rations would produce ovulation when properly administered but the pitmtary 
e-xtracts usually caused superovulation while mare serum would onlj occasionally 
do so As many as 80 ova were obtamed from a smgle rabbit He also found 
that m these young animals copulation could not be substituted for tlio intra 
V cnouB injection for mducmg ovulation 

Parkes (1948) produced superovulation and sufierfecundation m adult rabbits 
by "pnmmg” them with an extract of horse pitmtanes and producing ovulation 
by an mtravenous mjection of pitmtary e.xtract or pregnancy unne hormone, 
or by mating In expenmenta to deternune the most favorable dosage and 
length of treatment for the growth of foUicles m rabbits, he found 1 or 2 ragm 
of the pitmtary extract daily better than 6 mgm and a five-day treatment better 
than three The larger dosage produced cystic and hemorrhagic folUcles He 
also found that sexually immature Lop rabbits vreighmg about 2 0 kgm would 
mate and become pregnant followmg a pruning treatment. The ovaries of those 
rabbits weighmg approximately 1 0 kgm were insensiUv c to gonadotropins while 
animals between 1 0 and 2 0 kgm showed two different conditions, the folhcles 
responded to pnmmg but did not ovulate after matmg or ovulation took place 
but corpora lutea did not dev elop 

These mv estigations m which gonadotropins have been used to promote 
follicular development and ovulation, have a number of pomts m common , In 
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growing follicles with gonadotropms, there is both an optimal dosage and an 
optimal length of treatment Compansoils of dosages for the different prepara- 
tions are difficult to make, for reasons aheady mentioned, but the time required 
for the response is approximately the same for all From the begmning of 
treatment, matmg m rats occurs between 48 and 60 hours (Evans and Sunpson, 
1940), optimal tune for mducmg Qvulation with pregnancy urme hormone m 
normal rats, 48 to 72 hours (best at 56 hrs ) and m hypophysectomized rats, 
four days (Eowlands, 1944, Rowlands and Williams, 1943) In rabbits, Pmcus 
(1940) found three days as the optimal length of treatment for the unmature 
animal while Parkes (1943) found five days better than three for the adult, both 
as to the number of ova ovulated and the number of large folhcles m the ovanes 
This IS probably significant for the adult animal as Bbll and White (1933) m a 
study of regression of folhcles m the estrous rabbit noticed that a decrease m 
size and disappearance of folhcles started on the fifth day 

These observations mdicate that a foUicle grows at a defimte rate and the tune 
required to reach a condition susceptible to ovulatory stimulation cannot be 
shortened greatly by mcreasmg the growth stimulus As the dosage of a gonado- 
tropm IS mcreased more and more folhcles become mvolved m the growth process 
imtd a pomt is reached at which defects appear m the form of cystic folhcles and 
premature luteuuzation When" pituitary extracts axe used, such abnormahties 
may be due to the presence of LH either m the preparation or from the animal’s 
own pituitary Such defects are not found even when large doses of pure FSH 
are given to hypophysectomized rats (Greep, van Dyke and Chow, 1942) The 
lutemizmg property of pregnant mare serum and pregnancy urme hormone also 
gives nse to a similar situation when they are employed as growth-promotmg 
agents m folhcular development 

Another pomt of mterest is that the number of foUicles that can be brought 
to ovulation by the prunmg process greatly exceeds the number of large folhcles 
from which selection is made m the normal cycle prior to preovulatory enlarge- 
ment It seems obvious that a large number is mcluded from those that had 
not amved at the pomt of differentiation before the treatment was started 
This does not unply necessanly that folhcular growth rate was mcreased as it 
seems more probable that differentiation of the theca and granulosa was brought 
about before the foUicle reached full size This supposition has some support 
m the fact that ovulation can be induced before a folhcle attains its full diameter 
(Dempsey, 1937) 

Ovulation tn sheep and cattle The apphcation of gonadotropms to problems 
m ammal husbandry has contributed much information concerning ovulation 
m farm animals Most of this work has been done m Russia, Great Bntam, 
and the Umted States and the reader is referred to recent papers by Hammond 
(1945) , Hammond and Bhattacharya (1943) , and Cole, Hart and Miller (1946) 
for references to the hterature From the standpomt of this review the most 
useful data were obtamed from studies of ovulation m sheep and cattle Those 
for cattle are the most important due to the advantage that conditions m the 
ovanes can be determined by manual palpation per rectum (Hammond, 1927) 
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Cole and MUler (1933) Bhoived that ovulation could be induced m aneatrous 
sheep by injectmfe serum gonadotropin but the results were highly vanable and 
not usually accompanied by estrus Hammond (1916) mentions that the absence 
of estrus m such exfionmcnts is like the first ovulation of the natural brecdmg 
season and may be foUoived, by the length of on estroua cycle, by spontaneous 
ovulation and estrus Also, a second treatment followmg the first by about 
sixteen days would cause ovulation and estrus Probably the most suggestive 
observation by Hammond was that ovulation could bo produced by mjeotmg 
stilbestrol or stdbestrol di n butyrate Seven out of eleven animals given 1 to 
6 mgm stdbcatrol did not ovulate but ovulation occurred in five of six treated 
with 0 26 or 0 6 mgm of stilbestrol di n butyrate It also was found that std 
bcstrol tends to inhibit ovulation if given simultaneously or one or two days 
before serum gonadotropin, but when the estrogen was mjeoted taolve to twenty - 
four hours after the serum, there was no inhibition or it was of a lesser degree 
Another observation was, that the ovulatmg nchon of both stilbestrol and serum 
gonadotropm generally was inhibited by the presence of a functional corpus 
luteum 

Several mvestigntors have produced ovulation and multiple pregnancies in 
cattle but the most recent and, m many respects, the most detailed study is 
that by Hammond and Bhattacharya (1043) Most of their experiments were 
performed on cows and heifers that had been selected for slaughter while a few 
were bred and left to calve They succeeded m produemg superovulation and 
multiple pregnancies but the object of their mvestigation was n practical one, 
the production of twm ovulations For this purpose they concluded, from pre 
hminary experunents, that 1600 lU of serum gonadotropin or about lOO mgm 
of horse pituitary extract was the most favorable dosage to use for stimulatmg 
foUicular growth However, before discussing this pomt the influence of a 
funcbonnl corpus luteum on ovulation should be mentioned 

It IS now well known that if a functional corpus luteum is expressed from the 
ovary of a cow, estrus and ovulation follow withm about four days The corpus 
luteum apparently does not prevent follicular growth m response to a gonado- 
tropm but it does inhibit ovulation This seems particularly true for reasonably 
small doses (1600 lU) but heavy dosage (6000 lU) may produce ovulation m the 
presence of the corpus luteum Hammond and Bhattacharya took advantage 
of these facts and most of their experiments deal with the relation between dosage 
of gonadotropm and the time of removal of the corpus luteum Vanous amounts 
of serum gonadotropin and horse pituitary extract were given, in most instances, 
from five days before to two days after the corpus luteum was removed How 
ever, for present purposes it seems sufficient to mention the results obtamed 
when 1600 HI of serum gonadotropm was used Although these results ware 
quite vanable it see m s that the most effective tune for administering this dosage 
for produemg approximately two ovulations was two days before to the day 
after corpus hiteum removal 

These observatlcns on sheep and cattfc show that progesterone and estrogen 
have an important influence on ovulation The presence of a functional corpus 
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lute\iin (presumably progesterone) inhibits ovulation In sheep, estrogen seems 
to have two effects one of -which depends upon the time it is mjected m relation 
to the admmistration of a gonadotropm Estrogen alone may mduce o\’ulation 
if a large folhcle is present and if mjected before a gonadotropm may mhibit 
the ovulation that ordmanly occurs 

Influence of estrogen and progesterone on ovulatwn Observations similar to 
those reported for sheep and cattle have been made on laboratory animals. 
From these studies it seems that o-vulation produced by the mjection of estrogen 
IS not due to a direct action on the ovary but probably results from an effect on 
the pituitary causmg an mcreased output of LH It has been shown m rats 
that the secretion of LH by the pitmtary can be stimulated by mjectmg estrogen 
(see Fevold, 1939, for references) A three-day treatment iinth l^H causes only 
foUicular development m the ovanes of immature rats, but if preceded by three 
daily mjections of estrogen both lutermzation and augmentation of ovanan 
weight takes place However, if h 3 TJophysectomized animals are used the 
estrogen treatment does not modify the response to FSH, thus shoivmg that the 
LH came from the pitmtary as a result of the action of estrogen 

The inhibitory action of estrogen on the response to serum gonadotropm m 
sheep also has its counterpart m experiments on rats (Fevold and Fisk, 1939) 
While a three-day treatment with estrogen -will augment the response of the 
ovary to FSH, an eight-day treatment pnor to the mjection of the gonadotropm 
•will greatly decrease the response Fevold and Fisk found that rats on estrogen 
for eight days had a higher concentration of LH m the blood than those treated 
for three days They also showed that the same results could be obtamed by 
mjectmg an LH preparation, and demonstrated, m both normal and hypo- 
physectomized animals, that the extent of inhibition was correlated "with dosage 
of LH 

Thus it seems that while a small amount of LH augments the action of FSH 
the presence of a large amount, or effects produced by pnor action, inhibits the 
response of the folhcle to a foUicle-stimulatmg gonadotropm Yet, there is con- 
siderable uncertamty as to whether such inhibition is the result of a direct action 
of LH on the folhcle or is brought about by some other means (Fraenkel-Conrat 
et al 1940ab , van Dyke, 1939) How'ever, it is significant that pure LH -will 
inhibit the gonadotropic action of pregnant mare serum on the ovanes of im- 
mature rats (Creep, van Dyke and Chow, 1942) 

The inhibitory influence on ovulation exercised by the mammahan corpus 
luteum apparently is accomplished by the secretion of progesterone It has 
been mentioned that a functional corpus luteum does not inhibit follicular 
growth but prevents preovulatory enlar^ment and rupture of the folhcle This 
IS m hne mth experimental results mdicatmg that progesterone inhibits secretion 
of LH by the pituitary Makepeace, Wemstem and Fnedman (1937) found 
that estrous rabbits under the influence of progesterone did not ovulate when 
mated Astwood and Fevold (1939) hke-wise have showm that pseudopregnancy 
m rats, which usually follows electncal stimulation of the uterme cervix, did 
not occur if progesterone was mjected at the time or prior to the apphcation of 



DEVELOPMENT OP ORAATIAN FOLLICLE AND OVTJLATIOV 


ni 


the stimulus Progesterone also mil prevent the action of estrogen on the 
pituitary resultmg m the release of IfH (Astwood and Fevold, 1939) It 13 a 
common obeervation that immature fata on a prolonged treatment with FSH 
show first foDicular dev elopment followed by lutemisation. Such luteiniiation 
is thought to be due to LH secreted by the pituitary in response to estrogen 
from the stimulated folhcles If, m such expenmenta, progesterone is also given 
the folhcles are not lutemiied Therefore, it seems that when a gonadotropm 
which itself has no or only weak luteinlsing capacity is used to grow folhcles 
m the presence of a corpus luteum, as in cattle, ovulation does not take place 
because the luteminng action of the mjeeted hormone is insufficient or lackmg 
and progesterone secreted bj the corpus luteum inhibits release of LH from the 
pituitary In this connection it is mterestmg to note that Hammond and 
Bhattacharya (1913) obtained no ovulation with IBOO lU of pregnant mare 
serum m ten cows having corpora lutea but of fotir others given 6000 lU one 
had a smgle ovulation 

There are, however, other facta that tend to suggest that progesterone may 
influence ovulation m uni's other than those just mentioned One of these is 
brought out by Hammond (1939) m a discussion on the treatment of cystic 
folhcles m cattle He found that after a cyst is ruptured another follicle devel 
ops but does not ovulate, but If this one is ruptured it luteimxes and is followed 
by a normal cycle and ostrus three uceka later Day (quoted by Hammond 
and Bhattacharya, 1943) found that a normal cycle may also be brought about 
by rupturmg n cyst and administermg pregnancy unne extract These obser 
vntions indicate that a period of luteal actrvitj m some way restores the hor 
modal balance requisite for ovulation 

A very mterestmg senes of studies of a similar nature was started bj Everett 
in 1939 on a strain of rats that has a tendency to remain m constant eatrus This 
condition, once it appears, persists mdefimtely except for short diestrous penods 
at infrequent mtervals The ovanan follicles are shghtly cystic, being larger 
than normal, and the nuclei of the mterstitial tissue present varymg degrees of 
achromatolysis and “wheel" figures resembhng the condition seen in hypophj 
sectomixed rats These defects suggest a defiaoncy m LH while m the case of 
the folhcles the mild ov ergrowth probably mdicates very weak LH action 

Everett has found it possible to correct this situation and restore normal ov’ula 
tion and lutcmiiation bj admmistcnng progesterone In one senes of expen- 
ments (Bv crott, 1940) he gave persistent estrous rats daily injections of proges- 
terone m doses below that reqmred to inhibit the estrous cycle of a normal am 
mal Several rats were kept on this treatment for 40 to 60 days and mamtained 
fairly regular cycles, but all returned to constant cstrus when the injections were 
stopped Another method (Ev erett, 1943) was to give a smgle "mterrupting” 
dose of 0 6 to 1 mgm. of progesterone which usually caused atresia of the large 
folhcles and the appearance of diestrus lasting for two or three days, dunng 
which a new set of folhcles grew If the treatment was concluded nt this pomt 
90 to 96 per cent of the animals would return to persistent estrus following the 
bnef diestrous mtorval However, ovulation and luteiniiation could be mduced 
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by a second injection if given at proper intervals after the first The effective- 
ness of the second injection was shght in early diestrus, rose to a maxunum on 
the first day of the succeeding estrus, and -wits neghgible after estrus had per- 
sisted longer than eight days Therefore, on the basis of these facts and the 
results of other smiilar studies (Everett, 1944a, b, 1946) Everett concluded that 
in rats small amounts of progesterone cause the release of LH from the pituitary 

Considerable emphasis has been placed on the relation of LH to ovulation 
but this does not mean necessarily that it is the hormone chiefly responsible for 
rupture of the folhcle 

In all instances, so far mentioned, m which ovulation has been evoked expen- 
mentally the possibihty has existed that both foUicle-stimulatmg and luteimzmg 
actions have been present This has been brought about either by endogenous 
gonadotropins or by the physiological nature of the gonadotropm injected 
This has been true even m experiments m which, after folhcular development, 
ovulation has been mduced m hypophysectomized ammals by the mjection of 
pregnancy urme hormone This chonomc gonadotropm is not entirely a luteimz- 
mg substance as is so often stated m the hterature (see Engle, 1939, for refer- 
ences) Therefore, it seems possible that pre-ovulatory enlargement and ovula- 
tion m the normal estrous cycle may be accomplished by a balanced action of the 
two pitmtary hormones, ESH and LH, not one, often referred to as “the ovulatmg 
hormone ” 

Analysis of the actions of FSH and LH tn ovulation Evidence m support of 
the theory that both FSH and LH are required for ovulation can be drawn from 
mvestigations m which partially fractionated pitmtary preparations have been 
used under conditions that minimized or ehmmated participation of the animal’s 
own pitmtary Such studies mclude ovulation m anestrous and immature cats 
(Foster and Hisaw, 1936), juvenile rabbits (Foster and Fevold, 1938) and hypo- 
physectomized adult rabbits (Foster, Foster and Hisaw, 1937) Folhcular 
development m all instances was produced by daily mjections of FSH for five 
days and ovulation vas mduced by a smgle mtravenous mjection of FSH, LH, 
or a mixture of the two hormones In both cats and juvemle rabbits it was 
found that ovulation could be evoked by an adequate dose of either FSH or 
LH but a mixture of the two was more effective, as judged by the number of 
ruptured folhcles It was also found that when the amount of FSH m the 
ovulatmg mixture was kept constant and vanous amounts of LH were added, 
ovulation decreased as the concentration of LH mcreased until a point was 
reached at which no ovulation took place When similar preparations were 
tested on hypophysectomized rabbits it was found that neither FSH nor LH 
alone could produce ovulation but a combmation of the two was effective 

Greep, van Dyke and Chow (1942) tested the ovulatmg action of pure FSH 
and LH on normal estrous and post partum rabbits Both hormones produced 
ovulation and LH was found shghtly more effective than FSH They a^ 
tested the effects of combmed injections of the two hormones and demonstrated 
a potentiation but of a smaller degree than that obtamed by Foster, Foster and 
Hisaw (1937) It is unfortunate that these pure preparations were not tested 
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olao on hypophyBectoiniied rabbits However, these expenmenU, as a whole, 
tend to support the theorj that ovulation results from the combmed actions of 
IBHandLH 

Probably the most promismg material for an analysis of the process of ovula 
bon is the amphibian crrary Smce the first expenments on the mduction of 
ovulabon by Wolf (19291 on Rana pipiens and Houssay, Giusti, and Lascano- 
Gonialei (1929) on Bufo mannus sunilnr obscn ations have been made by many 
mvestigatom on various species of both Anura and tJrodela Only a few papers 
have been selected that have direct bearing on the present discussion and the 
reader is referred to a revuen by Greaser and Gorbman (1939) for a general 
eonsiderabon of the literature 

It has been found recently that ovulabon can be produced m Rana pipiem 
by admimstermg fracbonated gonadotropins from mammalian pituitarj glands 
(Wngiit and Hisaw, m press) This has made it possible to repeat on the frog 
several experiments that have been performed thus far only on mammals One 
of these is the action of FSH and LH in the hypophysectomiied frog It was 
found that an FSH •preparation w ould produce ovulabon m the normal frog but 
could not do so in the hypophysectomiied nnunal However, both the normal 
and hypophysectomiied animal would respond to combumbons of FHH and LH 

Another effect produced by FHH, first observed in the frog, is a sensituabon 
of the ovary to an ovulabng sbmulus Hugh (1939) found that hypophysectomy 
greatly increased the sensitivity of the ovary to implanted pituitary tissue 
Wnght (1940) confirmed this observation and suggested that the effect was 
probably due to a release of gonadotropms from the pituitary durmg the oper 
ation This idea is in agreement with the observ abons of Lane and Greep (1935) 
and Williams (1946) who found that pltuitarj ablabon produced stimulation of 
the ov anes m rats. In the frog, one of the hormones released is apparently FBH 
The mjection of a small amount of on FHH preparabon, that is insufficient for 
ovulabon, will increase the responsiveness of the ov ary m a normal frog Also, 
hypophysoctonuied frogs given eight daily mjections of an FHH preparabon, 
adequate to ovulate a normal animal, did not ovulate, but their ovaries remamed 
more responsive to an ovulatmg mixture of FBH and LH than those of a normal 
animal The ovaries of similar animals, not treated for the same period, be- 
come refractory thus indicabng that an FSH preparabon also prevents mvolu 
bonary changes m the folhcles that ordinarily result from loss of the pltmtary 

An advantage offered by the frog’s ovnrj is that it will ovulate m vitro and 
the process can be watched Hellbrunn, Daugherty, and Wilbur (1939) pro- 
duced ovulabon m Rono piptcns by suspendmg one ovary m Rmger’s solubon 
containing a triturated pitmtary gjand of a frog Ryan and Grant (1940) ob 
tamed ovulation b> putting small pieces of ovary m vials contauung a sus 
pension of frog pituitary tissue in Rmger’s solution Wnght (1946) has made a 
rather oxtensiv e study of the conditions mfluencmg ovnilabon of tho frog s ovhry 
in vitro His experiments were conducted on bits of ovary includmg 16 to 
30 ova which were suspended m vials containing 10 cc of Holtfretcr’s fluid 
This made it possible to have a large number of duplicates and controls from the 
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same ovary Ovulation was induced by adding various amounts of a fine sus- 
pension of frog pitmtary tissue Probably the most important observation, as - 
it relates to the present topic, is the mfluence of concentration of pituitary sus- 
pension on the p»ercentage of ovulation This was tested by adding to a senes 
of vials contaimng tissue from the same ovary, different amounts of the sus- 
pension rangmg from that eqmvalent to two pitmtanes to 3^7 of a gland The 
results for such experiments show a gradual mcrease m the percentage of eggs 
ovulated until a concentration of i to of a pitmtary is reached after which 
there is a progressive dechne In fact, m some tests no ovulation took place at 
concentrations eqmvalent to one or two pitmtary glands The reason for the 
mefliciency of the higher concentrations is not known but the observations on 
juvenile rabbits by Foster and Fevold (1938) suggest that it imght be correlated 
with the mcrease m amount of LH as more pitmtary tissue was added to the 
solution 

A partial answer to this question probably can be found m the results for in 
vitro experiments m which mammalian gonadotropins were used Wnght and 
Hisaw (m press) have found it possible to mduce ovulation m bits of frog ovanes 
m vitro with extracts of sheep pitmtary glands under the same conditions as 
those ]ust descnbed They found that an ovarian fragment m Holtfreter’s fluid 
could not be made to ovulate by addmg an FSH preparation However, the 
ovanan tissue became much more responsive to mixtures of FSH and LH than 
bits of the same ovary that had not been treated with FSH For example, 
ovulation of ovanan fragments of a normal ovary was not obtamed with mixtures 
more dilute than J umt of LH plus J mut of FSH but similar bits of ovary treated 
with FSH responded to as httle as umt of LH plus mut of FSH The 
optimal balance between the two hormones for ovulatmg either normal or 
sensitized bits of ovary was not detenmned but it was found that J umt of LH 
plus I umt of FSH vas meffective while | umt of LH plus 1 umt of FSH pro- 
duced ovulation Also, the effect of LH alone was not detenmned due to the 
lack of a preparation of sufficient punty 

These mvestigations on the frog are of general mterest as they mdicate that 
probably the physiological processes concerned with ovulation are basically the 
same in all vertebrates It must be sigmficant that FSH preparations do not 
cause ovulation m hypophysectomized rabbits, hypophysectomized frogs, nor 
in bits of frog ovanes m vitro, while proper combinations of FSH and LH will 
do so m all instances Yet it is a fact that the information we now have is 
based for the most part on results m which pitmtary preparations of questionable 
punty have been used Such data are no doubt rehable m most respects but 
should be accepted with reservation until the effect of chemically pure pitmtary 
gonadotropms have been mvestigated 

Conclusions on ovulahon The results for experiments on ovulation tend to 
support the theory that rupture of the folhcle is brought about by the synergistic 
action of FSH and LH Yet the quantitative relationship between these two 
hormones, that is most favorable for ovulation, has not been detenmned for a 
Bmgle species It also seems likely that there is considerable vanation and tha 
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each apeciea, though smular to all others, has its individual pcculanties. This 
certainly seems true nhen one considers the responsiveness ol some and the 
difficulties encountered with others With regard to this one need only mention 
the diBcouragmg experiences of those who have attempted to produce ovulation 
m primates (Hartman, 1938, Davis and Hellbaum, 1944, Abarbanel and Lea- 
thern, 1946) 

It is also a problem as to how the proper balance between the pituitarj hor 
mones, at the tune of ovulation, is achieved It seems to be the general opmion 
that this is accomplished by an morease m secretion or release of hormones from 
the pituitary as a result of nen ous stimulation at mating or m response to the 
ovarian hormones, estrogen and progesterone A pomt made m the discussion 
is that estrogen is found m all i ertebrates while progesterone probably is present 
only m mammals and therefore cannot be of general importance in ovulation 
Although Everett has presented strong evidence in support of the posabdity 
that small doses of progesterone stimulate the secretion of LH by the pituitary 
in rats, it is also true that larger doses and functional corpora lutea mhibit ovule 
tion The wnter is mclined toward the opmion that these actions of proges- 
terone are mammalian adaptations which assist in regulatmg the estrous cycle 
while among the vertebrates as a whole the action of estrogen on the pitmtary 
IS probably more important as far as ovulation is concerned Also, one might 
expect that the pituitary would not respond to estrogen m those species that 
require the nervous stimulation of matmg for ovulation Bachman (1936) found 
this so for the rabbit, but whether it la generally true is not known On the 
other hand, the pituitanes of those species that ovulate spontaneouslj should 
react to estrogen Evidence for this has been presented for the rat and sheep 
but such infoimnbon for other mammals is almost enbrelv Isckmg 

If it IB agreed that the output of gonadotropins bj the pituitary is mcreased 
dunng ovulation there is jet the question as to whether it concerns FSH, LH 
or both An mcreased secretion of LH is mentioned most frequently in the 
hterature These statements concemmg LH are probably based on the close 
nasocmtion of luteinization with ovulation but at present there are no quantita 
tivo data that are suitable for setthng this point The results of research on the 
rabbit are the nearest approach Hill (1934) found that matmg m rabbits was 
followed by a rapid decrease in the abihtj of the pituitary to mduce oiuilation 
when tested m estrous does and Westman and Jacobeohn (1937) found a corre- 
spondmg mcrease m the ovulatmg capacity of the blood These observations 
demonstrate a greater output of gonndotropm but they are not quantitative m 
the sense that they mdicate the amount of the hormone or hormones mvolved 
The wnter is of the opmion that the evidence is m favor of LH but these results 
could bo explained bj assuming an increase m LH, ESH or both as either or a 
combmabon of the two will cause ovulation m a normal estrous rabbit There 
IS much to commend in the idea expressed by Dempsey (1937) that it is not 
necessary to postulate mde fluctunhons m FSH dunng the estrous cjolo as all 
the phenomena could bo explained on the assumpbou that FSH remains quite 
constant and ovulation results from an mcrease m LH This and many similar 
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problems could be solved if accurate quantitative techniques were available for 
determimng the FSH and LH content of unfractionated preparations of small 
samples of blood and smgle pitmtary glands of laboratory animals 

It also IS clear that before a complete explanation of ovulation can be given, 
the relative importance of FSH apd LH must be determmed At present we 
have no rehable quantitative data on this pomt It is true that important and 
suggestive observations of a quantitative nature have been made, but m all 
instances reasonable doubt can be raised either with regard to the punty of the 
pituitary preparations used, or the possibdity of endogenous gonadotropins bemg 
present In experiments on mammals these objections can be met by usmg 
pure FSH and LH and hypophysectomized animals It also is possible that very 
valuable experimental matenal for mvestigations on ovulation can be foxmd 
among the cold-blooded vertebrates Amphibia hold the most promise and offer 
the advantage of studymg ovulation m vitro We now have the basic informa- 
tion, techmques, and materials for solvmg this problem and one might expect 
significant progress withm the near future 

SUMMARY 

Follicular devekrpmeni The development of a Graafian foUicle can be divided 
mto four stages (1) The first mcludes oogenesis, orgamzation of the granulosa 
and theca mtema, and growth up to the formation of the folhcular antrum In 
mammals the ovum attains approximately its full size A characteristic of this 
penod IB that the growth processes probably are regulated by a self-contamed 
system of orgamzers (2) The second stage begins when the folhcle gams compe- 
tence to respond to the action of pitmtary gonadotropins It is marked by 
rapid grovdh, mitotic activity m the theca mtema and granulosa, and multiph- 
cation of folhcular blood vessels (3) The third stage is mtroduced by a rapid 
faUmg off of mitotic rate m both theca mtema and granulosa The blood vessels 
contmue to mcrease and reach full development m the fourth stage This seems 
to be a period of differentiation, mdicated by hypertrophy of the cells m the theca 
mtema and granulosa Increase m size of the folhcle is due mostly to the 
accumulation of flmd in the antmm (4) The fourth stage mcludes pre-ovulatory 
enlargement of the folhcle and ovulation The chief features are the rapid secre- 
tion of folhcular hquor, marked hyperenua of the folhcle, and usually the ovum 
undergoes the first polar division 

The physiological processes of the last three stages proceed imder the co- 
ordinated actions of the pitmtary and the ovarian hormones 

Owlaiion Much regardmg the physiology of ovulation remains obscure but 
the results of recent research warrant the foUowmg tentative conclusions 
(1) That pre-ovulatory enlargement and rupture of the folhcle is produced by the 
jomt action of FSH and LH (2) That neither FSH nor LH actmg alone can 
cause ovulation (3) Ovulation is mitiated by an mcrease m the ° 

gonadotropms by the pitmtary and probably this mostly concerns LH ( ) 
mcreased output of gonadotropms is caused, m species that ovulate spon e 
ously, by the action of estrogen and possibly progesterone on the pitmtary, an 
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probably by nervoxis Btimiilation of the pituitary m those species that require 
mating for ovulation (6) Another poaabibty worth considcrmg is that m 
certain species the scnsitismg effect of FSH on the follicle (frog) may assist the 
ovulatory reaction or e\en make it possible for the follicle to respond to the 
existmg concentration of gonadotropins thus making an mcrease unnecessary for 
ovulation 
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THE RENAL ORIGIN OF HYPERTENSION 
HARRY GOLDBLATT 

Imliiute of Pathology, Western Reserve University, Cleveland, Ohio 

There is no reasonable doubt that some cases of human hypertension are of 
renal ongm The unsolved problem is whether many or most of those still 
referred to as “essential” are also of renal ongm The purpose of this review is 
to supplement the one made m 1940, m this Journal, by Blalock (24) and to 
summanze and evaluate the pertment evidence that has now accumulated for 
or agamst the renal ongm of human essential hypertension Only relatively 
recent onginal references will be given here, for many of the established facts 
reference will be made to the bibhographies of previous reviews 

In the past, the renal ongm of the elevated blood pressure m human essential 
hypertension has been excluded, by defimtion Essential hypertension has 
usually been defined as persistent elevation of systohc and diastohc pressures, 
■mthout accompan 3 Tng renal disease, as e\udenced by impairment of renal 
excretory function, when studied by the usual methods Dalton and Nuzum 
(74) beheve that cntical statistical analysis of data on renal function m cases 
of human essential hjrpertension does show, m most cases, some reduction m 
the concentration of the urme and excretion of phenolsulphonephthalem Yet 
it IS a fact, known for many years, that in patients with long-standmg hyper- 
tension, without obvious manifestations of renal excretory impairment durmg 
life, mtrarenal artenal and artenolar sclerosis, or even true nephrosclerosis, 
frequently may be found at autopsy (16, 109, 219, 254, 273) The unanswered 
questions are (1) whether the hypertension or the vascular disease comes 
fiust, and (2) W'hether there is a causative relationship between the two con- 
ditions Even to-day, as was the case 50 years ago (3, 214), ^ome authors (153, 
235, 306, 384) still regard the hypertension as primary, and of unknown ongm, 
and the artenal and artenolar sclerosis, both mtrarenal and systemic, as mde- 
pendent of (3) or secondary to (214) the prolonged mechamcal stretchmg of the 
walls of the blood vessels Probably the only reason why some of these authors 
(153) concede that the hypertension of glomerulonephntis, pyelonephntis, and 
polycystic disease of the kidneys is mduced by the renal disease is because it is 
known that these diseases of the kidney precede the hsqiertension It is there- 
fore not reasonable to contend that the hypertension is the cause of these m- 
flammatoiy or developmental renal lesions It is possible, however, to contend 
that the high blood pressure, or rather the mcreased burstmg tension of the blood 
vessels, may be a mechamcal cause of both mtrarenal as well as S 5 ^temic ar- 
tenosclerosis, therefore, this view has many modem adherents (153, 235, 274, 
306, 384) These authors do not concede that the hypertension is a consequence 
of the renal vascular disease, although they agree that the renal disease may 
play a secondary part in mamtainmg the hypertension which is mitiated either 
by a nervous (306) or a humoral (153) non-renal mechamsm Smith, Goldiing 
and Chasis (384) regard the kidney as “the victim, rather than culpnt and 
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Schroeder (363) belie\ea that cBsential hypertension may be the result of the 
combination of a number of factors 

If there is any one thmg that b definitely established about the mechanism 
of the elevation of blood pressure, it la that widespread mcrease of penpheral 
(includmg splanchmo) vascular refdstance is the determimng factor (387) and 
that it IS the tone of the systemic arterioles that is the determinant of penpheral 
vascular resistance The old idea of v Bosch (3) that the artcnolosclerosis can 
be so generahied os to be a mechanical, organic cause of morcased penpheral 
vascular resistance still persists, but no one has over demonstrated such wide- 
spread disease of the blood vessels One of the strikmg things about arteno- 
BclerosiB m man is how restneted the vascular disease is to certam organs and 
parts of the body, and especially how common it is in the kidneys (16, 109, 210, 
254, 273) In this connection, the statement recently made (163) that “the 
kidneys are rarely mvolved to a significant degree m hypertensive disease, only 
about 8 per cent of all patients die of uremia", is misleadmg, for it attaches too 
much importance to renal cvcrelion and ignores the important fact that the 
kidneys may be the seat of advanced vascular disease without significant dis- 
turbance of renal excretory function detectable by the meet recent methods 
(108, 112) Ilnally, there is the view of the author (144) that the arterial and 
artenolar sclerosis are primary, but of unknown origin, and that when the 
vascular disease affects the kidneyB to a degree sufficient to produce adequate 
disturbance of intrarenal hemodynamics, a mechanism is imtiated which bnngs 
about the mcreased peripheral vascular resistance that detenmnes the hyper 
tension This now imphes, of course, that any other pathologic process m the 
kidney which is capable of mducmg the same disturbance of mtmrenal hemo- 
dynamics would also be capable of imtiatmg the mechanism that results m 
hypertension (76, 110, 202, 203, 206, 428) 

It IS obviously impossible to solve a problem of this kind by the study of 
patients olimcally, or bj the examination of specimens of tissues obtained at 
autopsy The artenolar sclerosis of the kidneys which has been reported by 
many authors (16, 109, 219, 264, 273), ns an almost invariable findmg in cases 
of human essential hypertension, at autopsy, is mterpreted by some as proof 
for the new that the hypertension comes first and produces the renal vascular 
disease (44, 397) The possible causative relationship between the two con 
ditions could conceiv ablj bo inv estigated by the examination of biopsy spccimena 
of kidney obtained from the same mdividuals, at mtervals, before and after the 
development of the hypertension Bmcc there is no way of tclUng with certainty 
which persons will develop hypertension, such a study of human beings is not 
feasible An approach to this problem has been made by the examination of 
biopsj specimens of kidneys m cases of established human hypertension, after 
the condition had been m existence for various lengths of time This study by 
Castleman and Smithwack (44, 397) has not led to a solution of the problem, for 
obvious reasons, but it is well to examine what it has contnbuted. 

In a senes of patients with hypertension that had existed for v anablo penods, 
biopsy spccimena of the kidneys were exammed for v ascular changes In these 
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small specimens m wlncli, at best, only a few cross sections of mdependent ar- 
tenoles could be observed, the changes were classified arbitrarily from 0 to 
+ + + + on the basis of the amount of hyahne thickemng of the wall and stenosis 
of the lumen Despite the views and conclusions of the authors, it is an m- 
terestmg and mdeed an eictraordmary fact that some vascular disease was found 
m 92 per cent of the specimens and that m about 50 per cent it was from mod- 
erate to severe From the study of such a small specimen it is obviously im- 
possible to tell whether the vascular disease is more or less pronounced m the 
remamder of the kidney It is hazardous, therefore, to extrapolate from the 
evaluation of such a mmute specimen of heterogeneous tissue to an estimate of 
the average condition of a single constituent, the artenoles, of the entire organ 
An important fact, frequently overlooked, is that the larger mtrarenal artenes are 
rarely mcluded m such biopsy specimens, because the sjiecunens are taken from 
the penpheral portion of the cortex. Even if the appearance of a few artenoles 
can give some estimate of the average change m sumlar vessels of the remamder 
of the kidney, yet it can give no idea of the state of the larger mtrarenal vessels, 
or of the hemodynamic state of the entire kidney It should be obvious that 
stenosis of one large mtrarenal arteiy could account for great hemodynamic 
disturbance m a large mass of kidney, supphed by many artenoles that are not 
themselves diseased Artenosclerosis, with stenosis, of the larger tntrarenal 
vessels is a common accompaniment of renal artenolosclerosis The possible 
contnbution of stenosmg sclerosis of the larger mtrarenal artenes, and even of 
the mam extrarenal artery, to the disturbance of mtrarenal hemodynamics has 
been underestimated Blackman (23) has shown how common it is to find at 
autopsy some degree of stenosis even of the mam renal artery m hypertensive 
patients At no time has it been asserted that stenosis of the mam renal artery, 
unilateral or bilateral, is a common cause of, or frequent findmg m, cases of 
human essential hypertension This is why it is difiBcult to understand nhy 
Oppenheimer, Edemperer and Moschkowitz (287), and Lisa, Eckstem and 
Solomon (254), should make a special pomt of emphasizing that m many of their 
cases of h 3 q)ertension m vhich pronounced stenosis of one or both mam renal 
artenes was found, there was also significant mtrarenal artenolosclerosis This 
IS admitted freely by the author 

Expenmenial Renal Hypertension The ■working hypothesis of the mitial 
attempt (152) to produce experimental hypertension that might simulate human 
bemgn essential hypertension unaccompamed by disturbance of renal excretory 
function W'as based upon the assumption that, if the h 3 q>ertension be the result 
of the tntrarenal artenal and artenolosclerosis, then the real cause of the elevated 
blood pressure might be the functional dirturbance of renal hemodynamics 
produced by the stenosmg vascular disease m the kidneys It was considered 
that, if "this were true, then the experimental production of such a disturbance 
of mtrarenal hemodynamics by any means, even by constnction of the mam 
renal artenes, by means of a clamp, might be followed by the development o 
hypertension -without accompanymg disturbance of renal excretory function 
The clamp for the constnction of the mam renal artery was not devised m or er 
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to reproduce the effect of ortcnoecleroaiB, 'vnth etonosis, of the mam renal artery 
alone. It ■woe fully recogniied that this condition is not commonly found m 
patients ivith essential hypertension, althou^ it has been shown to occur not 
mfrequently (23) The clamp was developed as a device with which to re- 
produce experimentally, m animals, the probable hemodynamic disturbance in 
the kidney produced by intrartml arterial and artenolnr sclerosis, so frequently 
found m persons with essential hypertension, or any other of a variety of pa 
thologic processes, mcludmg stenosis of the main renal artery, which could 
produce a similar mtrarenal circulatory disturbance On the basis of an ana 
tomical study of kidneys in human hypertensivo persons Yuilo (440) later found 
that mtrinsio or extrinsic obstruction of the main renal artery simulatmg the 
renal clamp does occur, and concluded "that no evidence opposed to the idew 
that experimentally produced hypertension has a human counterpart was en 
countered” 

That hypertension which is unquestionably of renal ongm, and which simulates 
human hypertension associated with renal vascular disease, has been produced 
experimentally, by constncbon of the main renal artery, is now beyond question, 
for this has been fully confirmed by many mvestigators (92, 99, 102, 161, 193, 
178, 196, 230, 293 362), some of whom have employed modifications or different 
devices for the purpose of producmg snmlar mtrarenal hemodynamic disturbance 

In this review the account of the production of expenmental renal hypertension 
will be made brief, because there have been many previous publications (146, 
148, 149) about this phase of the subject The original production (162) of 
experimental renal hypertenmon was accomplished by permanent constriction 
(not occlusion) of the main renal artery by means of a special silver clamp de- 
vised for the purpose The effect of tho clamp was to restnet the mflow of blood 
to the kidney, with resultant disturbance of mtrarenal hemodynamics, the exact 
nature of which has not yet been dofimtelj established 

There is no doubt that the immediate effect of constriction of the mam renal 
arteiy is to restrict the flow of blood throng the kidney (162, 261) 'Whether this 
effect persists mdefimtely has not yet been determmed with certainty (368) 
Restnction of the outflow of blood from the kidney by partial constriction of 
the mam renal vein is also followed by transient hypertension (17, 118) It has 
been shown by Mann and collaborators (262) that it is necessary to reduce the 
caliber of an artery considerably before an appredablo effect on blood flow 
throng the vessels is produced All attempts to produce widespread mtrarenal 
circulatory disturbance by emboh of various types had failed to produce hy- 
pertension (9, 42, 376) Reproduction of the widespread mtrarenal arteriolar 
sclerosis would hai e been desuable, but it had not yet been accomplished at 
that time and it has not yet been produced m the dog It is only recently that 
tho production of so-called nephrosderoaiB In chicks and rats has been reported 
by Belye and collaborators (371, 372, 373, 374, 376) There is no convmclng 
proof in any of these studies that wridespread mtrarenal arteriolar sclerosia has 
been produced Tho changes described are mainly parenchymatous degener- 
ation and mtcrstitial fibrosis, with an dccasionol artenolo showing fibrosis. 
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hyaluuzation and even necroas Some of these animals developed elevated 
blood pressure (372) The production of nephroscleroas even m the chick and 
rat has not yet been confirmed, but others (38) have reported the hypertensive 
effect on the rat of repeated mjections of desoxycorticosterone acetate 

Whether the results obtamed by means of constriction of the mam renal 
artenes can be apphed completely to the problem of human essential hyper- 
tension still remams unanswered, but there is adequate mdication that experi- 
mental renal hypertension and human essential hypertension are closely similar, 
if not identical, and that the results obtamed in studies of pathogenesis, pre- 
vention, or treatment of the one may be apphed directly to the other 

There are, however, those (153, 235, 254, 287) who refuse to assign great 
significance to these experiments, because, m human hypertension, the rnmn 
renal artery is not commonly stenotic and therefore the vascular disease of the 
human kidney is not identical with experimental constnction of the mam renal 
artery What is forgotten, or ignored, by these authors is that constnction of 
the mam renal artery was an expedient resorted to experimentally because it was 
the only available method whereby to produce a disturbance of the mtrarenal 
circulation that might simulate the most probable effect of mtrarenal stenosmg 
artenal and artenolar sclerosis To thmk that the expenmental type of hy- 
pertension IS not exactly hke human bemgn or malignant essential hypertension, 
because the mam renal artery m human bemgs with hypertension is rarely 
stenotic (254), is to misunderstand the whole problem and the mam purpose of 
the procedure which was used for the production of expenmental renal hyper- 
tension Such a concession as that made by Goldrmg and Chasis (153), namely, 
that a mechanism analogous to that of expenmental renal hypertension can 
mitiate hypertension m man but that this occurs but rarely, is gratmtous, and 
agam ignores the probable similanty between the effect of widespread tntrareml 
vascular disease and experimentally produced stenosis of a mam renal artery, 
which was the basis of the ongmal expienmental mvestigation (152) Recogm- 
tion of this similanty is essential to a proper understandmg and evaluation of 
the contnbution made by the production of expenmental hypertension by 
constnction of the mam renal artery 

Temporary Hyperienston Due to Constnciion of One Mam Renal Artery Tem- 
porary hypertension which gradually returns to normal, in about four to six 
weeks, has been produced by constnction of one mam renal artery If the clamp 
IS removed, and the circulation of the kidney restored to normal, or if the one 
kidney with the renal artery constncted is excised, the blood pressure returns 
to normal m 24 hours or less (25, *146, 223) In some a n i m a l s, especially rats, 
goats, sheep, and even an occasional dog, unilateral constnction of the mam 
renal artery is followed by the development of hypertension which persists for 
many months Even m such ammals the blood pressure returns to normal m 
24 hours, or less, if the kidney with constncted renal artery is excised It has 
been shown that, m dogs at least, the blood pressure may return to normal m as 
httle as SIX hours 

In addition to affordmg evidence m favor of the renal ongm of this type o 
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expenmentffll hypertension, the agmficance of these observations on nnnnnls 
for the problem of hypertension in man has been the recogmtion of the existence 
of persistent hypertension associated ivith unilateral renal disease m man and 
of a possible cure of the hypertension, by cxasion of the diseased kidney, 
provided the other kidney is normal The subject of the existence of hyper- 
tension associated with umlateral disease m man, and the return of the blood 
pressure to normal, m some patients, as the result of the removal of the diseased 
kidney, has already been reviewed (1) and more cases, some with return of 
blood pressure to normal after unilateral nephrectomy, have now been reported 
(10, 11, 12, 18, 27, 29, 30, 124, 141, 202, 266, 270, 316, 317, 341, 344, 346, 364, 
376, 377, 379, 381, 384, 392, 394, 399, 427, 428, 429, 444, 446) 

There is no convincing proof that mtermittent total renal ischemia results m 
permanent elevation of blood pressure (148) There is every reason to beheve 
that those who still insist that this does occur, m an exceptional case, were 
really dealing with permanent disturbance of renal cuculation m an occasional 
animal (6, 267) 

Pemelerti Hypertermon Due to Comtndton of Both ilatn Renal Arlenei, and 
other ifeaeuree Peraistent hypertension has now been produced in dogs, 
monkeys, rabbits, sheep apd goats (146), but not in the frog (408), by the con 
stnction of both mam renal arteries (146) As m the case of unilateral con 
striction of the mam renal artery, a significant rise of blood pressure does not 
usually m a nif est itself m less than 24 hours, and often longer, althou^ there is 
some evidence that the hypertensive effect may at least be imtiated soon after 
the constriction (405) Hypertension due to constriction of one main renal 
artery may be made permanent by subsequent excision of the contralateral 
normal kidney (144, 225), by constnebon of the mam renal artery of the con 
tralateral kidney (162), by occlusion of the ureter of the contralateral kidney (147, 
271), or by the enclosure of one or both kidneys (preferably decapsulnted) in a 
fiabelnn condom (146, 149) This type of membrane does not mduce the de- 
velopment of a think hull of conneotivo tissue around the kidney, such ns is 
induced by cellophane, collodion or silk (294, 296), but it does prevent the 
development of accessory ciroulation to the kidney If the constnction of 
both main renal arteries is made moderate, the hypertension which results 
IB not accompanied by detectable disturbance of renal excretory function — 
the bemgn phase (60, 162) If the constriction of both main renal artenes is 
made great, at the first operation, there is likely to be defimto disturbance of 
renal excretory function, and fatal uremia may develop — the mahgnant phase 
(146, 147, 443) That complete renal ischemia for a few hours may result m 
anatomical and functional damage has been shown by Selkurt (370) 

In those animals m which the blood pressure returns to normal after unilateral 
or bilateral constnction of the mam renal artenes, the examination of the kidneys 
frequently showx that the naturally abundant, but poorly developed, accessory 
circulation to the kidney has become strikmgly promment, with largo arterial 
vessels entermg the cortex of the kidney from various surroundmg sources 
This observation indicates the possibihty of treatmg experimental renal hy- 
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pertension by inducing the development of the accessory circulation t6 the 
kidney Although the hsrpotensive effect of this procedure has been demon- 
strated experimentally, m dogs, by decapsulation and nephro-omentopexy 
(45) and by implantation of a part of the kidney into the spleen (spleno-reno- 
pexy) (425), yet this has not proved a fruitful lead for the treatment of human 
hypertension 

Pathologic Changes in the Organs of Animals with Persistent Hypertension 
In the bemgn phase, m ammals, even after six years of persistent hypertension, 
no significant pathologic changes develop in the aorta or in the large or small 
artenes The only changes observed m the vascular system of these n.nimn1a 
are shght to moderate hypertrophy of the heart (53) and thickenmg of the media 
of the large and small artenes (144) The results of these experiments, therefore, 
afford no proof for the vien that hypertension per se is a sufficient condition for 
the production of generalized artenal or artenolar sclerosis m the animals used 
The adenomatous h 3 perplasia of the adrenal cortex reported in cases of essential 
human hypertension (345) has not been confirmed by others and has not been 
reported m animals with experimental renal hypertension 

In the mahgnant phase m animals, even when it tenmnates fatally m as httle 
as 48 to 72 hours, the most profound changes occur m the blood vessels of the 
dog (147) or rabbit (322, 439) similar to those of the terminal phase of human 
mahgnant hypertension In the aorta there is only mterstitial edema, mainly 
of the media, but m the small artenes and artenoles, necrosis and fibnnoid de- 
generation occur, with or mthout acute inflammation m and around the wall 
of the vessels The artenolonecrosis and necrotizmg artenohtis, observed m 
many organs, are mdistmguishable from similar changes observed m the terminal 
phase of mahgnant human hypertension 

The vascular changes of the mahgnant phase do not occur m the blood vessels 
of bilaterally nephrectonuzed animals that develop profound azotemia, without 
elevation of blood pressure, or in ammals with great degree of hypertension of 
long standmg, without renal excretory functional disturbance They do not 
occur, nor does hypertension develop, m dogs m which the urme is deviated into 
the blood (139) In the mahgnant phase, m animals, the changes do not occur 
in the vessels of the kidney beyond the site of the clamp, where there is no hy- 
pertension, and where hypotension probably exists For these reasons, it has 
been considered that a combmation of impairment of renal function and m- 
creased bursting tension of the vascular wall are necessary conditions for the 
production of the pathologic changes m the vessels and that, even m human 
bemgs, these changes usually occur only termmaUy The idea that these 
changes are induced by long-standmg (months to years) mtense vasospasm (409) 

IS not upheld by these experiments The inflammation around the blood vessels 
IS probably only a reaction to the degeneration and necrosis of the walls of the 
artenoles, but, of course, may be caused by the same agent that produces the 
necrosis These pathologic changes m the artenoles are not to be confused with 
artenolosclerosis and are certainly not to be used as proof that h 3 ^rtension 
itself can produce true arteno- or artenolosclerosis This erroneous mterpreta- 
tion has been made (90, 274) 
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We Jmv e not been able to confinn tie observation (242, 243, 442) of vascular 
lemons of the mabgnant phase m animals that have been injected even with 
largo quantities of remn, subcutaneously, intramuscularly or intravenously 
Tins may bo due to the difference m the method of preparation and punty of 
the remn employed 

Some mvestigators have produced lesions of artenolcs which they consider 
similar to those of the mahgnant phase, by repeated mtravenous mjections of 
tyramme (93), but there is no good reason for behevmg that tyrammo is 
responsible for the lesions m malignant hjqicrtension 

The changes m the kidneys themselves depend upon the degree of constnction 
of the main renal artery and may vary from no detectable change, except m the 
mitochondria of tie proxinial couvoluted tubules (101), to partial or even com 
plete necrosia, or atrophy and fibrosis of the kidnej (162) The conclusion of 
Wilson and Byrom (436, 437, 438) confirmed by others (122) that hypertension 
per ee can produce the charactenstio mahgnant artenolar lesions m the rat, with 
hypertension due to constnction of one mam renal artery, has not been sub- 
stantiated m experimental renal hypertension m the dog, or any animal other 
than the rat (144, 147), and is probably based on the erroneous assumption that 
the contralateral kidney was normal All the glomerular and mtersUtial m- 
flammatory lesions desonbed by these authors in the contralateml, supposedly 
normal kidney, have been observed by the author m rats with normal blood 
pressure The author’s explanation of the changes m the artenoles of the con 
tralateral kidney, observed by Wilson and Byrom, and the others, is that they 
Mere unaware of the frequent existence of hydronephrosis or pyelonephritis in 
one or both kidneys of adult rats, and that, by constnction of one mam renal 
artery, they were dealing, in some of these rats, with bilateral renal disease 

Paihagenesis of Expenmenial Renal Byperiensvm This has been the subject 
of many pubhcations, smee the production of exjienmental renal hypertension 
was announced (162) Most of these accounts have dealt with the possible 
apphcation of the observations on animals to the problem of the pathogenesis of 
human essential hypertension (24, 25, 140, 148, 208, 224, 236, 236, 271, 279, 280, 
303, 306, 378, 384) 

Progress m the acquisition of knowledge about the pathogenesis of human 
hypertension has been delayed because, in human bemgs, it is rarely if ever 
jiossible to study the patient before and after the development of the elevated 
blood pressure The production of the counterpart of the bemgn and ma- 
hgnant phases of human hjrpertension has made possible the mvestigation of the 
probable pathogenesis of the high blood pressure, even in man As soon as this 
was accomplished, the possible mechanisms mvolved m the elevation of the blood 
jircssuro became obvious 1, afferent stimuh from the nerve endmgs m the 
kidneys to the vasomotor center or sympathetic ganglia, with resultant gen- 
crallrcd vasoconstnotion and consequent elevation of blood pressure, 2, afferent 
stimuli from the kidneys, with resultant output of an mereased amount of some 
internal secretion which produces vasoconstnotion either by central or ponphcral 
notion, 3, the accumulation or new formation of some substance, probably of 
renal ongm, or a disturbance of equihbmim between substances already present 
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in the blood, resulting in a pressor effect like that of some of the known pressor 
substances 

Neurogemc Mechanism In rapid succession the possible part played by 
vanous portions of the nervous system was mvestigated It was soon shown 
that experimental renal hypertension is not caused by a nervous reflex from the 
kidney, affectmg the vasomotor mechanism of the body Renal denervation 
(63, 293), bilateral supradiaphragmatic excision of splanchnic nerves and lower 
dorsal sympathetic gangha (148), subdiaphragmatic splanchmcectomy, with 
excision of the cehac and upper lumbar gangha (25), bilateral section of the 
antenor nerve roots, from the sixth dorsal to the second lumbar mclusive (148) , 
pithmg (destruction of the entire spinal cord) (49, 143) and complete sympa- 
thectomy, mcludmg denervation of the heart (7, 117, 199) neither prevent, nor 
abohsh the hypertension which results from the constnction of the mam renal 
artery Under pentothal anesthesia, experimental renal hypertension persists, 
whereas known neurogemc hypertension disappears (306) These results ehm- 
mated a nervous reflex ongmatmg m the kidney as the cause of the hyper- 
tension and mdicated that a humoral mechanism was probably the cause Ogden 
(283) however, who concedes that the renal humoral pressor mechanism imtiates 
experimental renal hypertension, beheves that he has demonstrated, by ex- 
periments on rats, that it is superseded later by a neurogemc mechanism me- 
diated through the sympathetic nervous system More work on this phase of 
the subject is required 

Although there are those who stdl chng to the idea that essential hypertension 
IS endocnnogemc, and due to some disturbance of the hypophjirsis, yet the ex- 
periments on animals fail to confirm this Hypophysectomy (8, 103, 148, 287, 
315) has no defimte effect There is no defimte proof (114) that the activity 
of the postenor lobe of the pitmtary is altered m experimental renal hypertension 
There is no difference between hypertensive and normal doge insofar as the 
quantity of antidiuretic pnnciple m the unne is concerned Durmg dehydration 
it IS mcreased m both Removal of the postenor pitmtary does not mterfere 
with the development of, or lower, experimental renal hypertension m the rat 
(286) The same holds true for the removal of the entire pitmtary m dogs 
(148, 316) Thyroidectomy, gonadectomy and pancreatectomy do not affect 
experimental renal hypertension (148) 

Of the endocrme organs, the only one that may possibly play a sigmficant, 
even if only a secondary part, is the adrenal (79), although this conclusion is 
contested (67, 361) on the basis of madequate evidence There is no evidence 
to mdicate that the medulla of the adrenals plays a part (162), but there is 
defimte mdication that the adrenal cortex may play a secondary part (148, 431) 
m experimental renal hypertension, although there are those (350, 351) who 
do not concede this Incision of both adrenals m dogs mterferes with the 
development of hypertension due to constriction of the mam renal arteries, 
unless adequate supportive and substitution therapy are given (148) The 
part possibly played by the adrenal cortex will be chscussed further under the 
headmg of the humoral mechanism 
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Hccently ^^ctor (406) reported the production of hypertension in dogs by 
hgation of “hilar artery and vem" and of “grossly vifiiblo artenes and veins at 
either the superior or inferior polc“ of one adrenal Although he does not 
state this, yet it is evident that nerve fibers must have been included m these 
hgatures Victor does not cxplarn or speculate about the mechanism of the 
hypertension We have tied off the hilar part of the adrenal vem and the vessels 
going to and from the upper or the lower pole of one adrenal, in seven dogs, 
without notipg any hypertensive effect. This contribution by Victor must 
await confirmation and elucidation 

The Humoral Mechanttm oj Experimental Renal Hypertension The basic 
observation that constnction of the blood supply to the kidney produces ex 
penmental renal hypertension, and the elimination of a possible primary part 
played by the nervous and endocrine systems, stimulated the search for the 
humoral mechanism of renal ongm most probably nSsponsible for the elevation 
of blood pressure m this tyjie of hypertension, and possibly also m human 
essential hypertension Most recent contributions to the subject have dealt 
with the nature of this mechanism, about which two distinct vicwpomts have 
been adopted and investigated 1, that a kidney the seat of certam pathologic 
conditions may be the source of a substance which, when it enters the circulation, 
raises the blood pressure (297) , 2, that the normal kidney may be the source of a 
substance the absence, destruction or neutialimtion of which results m hy- 
pertension (172) Moat of the evidence, both old and recent, has been m favor 
of the existence of the first mechanrsm (252, 378), although there are still some 
who are opposed to this theory (390) 

It has been shown that mterferenco ivith the blood supply to any other organ 
but the kidney docs not result in either temporary (253) or permanent (162) 
elevation of blood pressure Constriction of the celiac axis and superior mes- 
cntenc artery (260), of the femoral and splemc arteries (162) and of the aorta 
below the ongm of both mam renal artenes (148) does not produce a rise 
of blood pressure} but constnction of the aorta immediately above the site of 
ongm of the mam renal artenes is followed, m about 24 hours, by the elevation 
of the blood pressure (146 363, 388) Steele and Cohn (389) believe that the 
hypertension observed m human cases of coarctation of the aorta is hke the 
effect of constnetmg the aorta aboie the origin of both renal artenes Anas- 
tomoeis between renal artery and renal vem docs not result m hypertension (238) 
The removal of both kidneys, although profound asotemia is a consequence, is 
not followed by the development of hypertension, therefore, renal excretory 
insufficiency by itself, is not a sufficient condition for its development This is 
also well demonstrated by the fact that m acute nephrosis, mth uremia, produced 
by vanous metalhc poisomngs, in animals and man, the blood pressure rarely 
becomes significantly elevated 

The first, but mdirect, ovidenco m favor of the probable existence of a renal 
humoral mechanism for the elevation of blood pressure m experimental 
renal hypertension was produced by the occlusion of both mam renal veins at 
the same time that both main renal artenes were constneted sufficiently to 



130 


HAHRY GOLDBLATT 


produce hypertension The blood pressure did not become elevated, although 
the dogs died m profound uremia (148) The arteriolar lesions of the malignant 
phase did not develop m these dogs Shuntmg of the venous blood of a dog 
from the only kidney, vuth renal artery constricted, through the hver, by means 
of a reversed Eck fistula, had no efltect m either preventing the development of 
hypertension or lowermg the blood pressure (50, 405) Any important effett 
of the hver on the pressor substance of renal ongm was thus excluded 

A more direct demonstration of a possible humoral mechanism occurred when 
it was found that if a kidney was transplanted to the neck (24, 26, 105, 211) or 
grom (142, 336) of a bilaterally nephrectomized dog or rabbit the usual pressor 
effect resulted when the renal artery of the transplanted kidney, with no nervous 
connection with the rest of the body, was constncted Also, the transplantation 
of a partially or completely ischemic kidney from one dog to the neck of a bilat- 
erally nephrectomized dog, resulted m a temporary elevation of the blood 
pressure, after the circulation of the ischemic kidney was restored (33) 

Comgan and Pmes (64) reported a fall of blood pressure m dogs with ex- 
perimental renal hypertension, as a result of renopexy (elevation of the kidney 
for a distance of about 5 cm ) which was supposed to mcrease the outflow of 
blood from the renal vem Why the blood pressure should fall as a result of 
this procedure is not clear This exxienment requires confirmation before it 
can be accepted and evaluated It may have some significance m connection 
with the problem of h 3 rpertension associated vath ptosis of the kidney (266) 
The study of Gabnele (137), however, mdicates that such a change of position 
of the kidney is hkely to reduce profoundly, rather than mcrease, outflow of 
blood from the renal vem, because the piezometnc angle of the renal artery is 
made relatively acute by this change of position 

It has been shown that when the mam renal artery (54, 55, 398), or the entire 
renal pedicle (120, 136, 248, 253) is occluded, for varymg penods, m the cat, 
rat and dog, a prompt rise of blood pressure follows the release of the clamp and 
restoration of the circulation through the kidney, and this occurs even m animals 
with kidney denervated and central nervous system ablated (54) This effect 
is not prevented by 933F^ (248) or by sodium cyamde (263), but previous 
establishment of tachyphj'^laxis m cats mterferes with the phenomenon (248) 
and it does not occur when similar ischemia of other organs is produced (253) 
This study was earned further bj'^ the demonstration of Prinzmetal, Levis and 
Leo (335) and others (233) that sahne perfusate of such a totally ischemic kidney 
produced a defimte rise of blood pressure when it was mjected mtravenously 
into other animals of the same or different species Boylston and collaborators 
(28) did not find a pressor substance m the sahne perfusate of a partially ischecdic 
kidney, but this may be explamed by the prolonged perfusion which they 
practiced 

The presence of a vasoconstnetor substance in the blood plasma from the 
renal vem of a dog vith experimental renal hypertension due to mcomplete con- 
striction of the mam renal arterj’- has been demonstrated by some (32, 105, 197, 

* This IS pipendomethjl-benzodioxane, which is usually referred to as Fournier 933 or 
933F 
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212, 213 398) and not by others (266), by the Llliven Trendelenburg technique, 
m the South Amencan toad Some investigators (120, 198, 223, 334) failed to 
demonstrate pressor substance in the systenuo blood of hypertensive dogs or 
human beings and there was also no effect of blood from hypertensive dogs on 
the tonus of surviving arterial nngs (422, 423) But Solandt and collaboratore 
(386) did observe a defimte rise in the blood preasuro of a bilaterally nephrecto- 
mired dog to which was given a direct transfusion from a hypertensive dog, and 
Braim Menendes and Fasoiolo (32) obtained a pressor effect m a normal dog as 
a result of the intravenous injechon of 100 cc of renal venous blood from the 
transplanted renal ischermo kidney of another dog 
That the hypothetical effective vasoconstnetor substance is not sympathi- 
comimetic is shown by the fact that 033F (pipendomethyl beniodiovane) does 
not have any greater effect on the blood pressure of a hypertensivo animal than 
of a normal one, whereas, m both, the effect of epmephnne is completely re- 
versed by an mjection of 933F (119) 

All the work outhned above pomted directly to a chemical agent of renal 
origm as the probable cause of the hypertension The search for this agent 
began with the resurrection of an old obscrv ation made by Tigerstedt and Berg 
man (402) confirmed by others (187, 188, 197), namely, the presence of a sub- 
stance m the crude saline ertrnct of a normal rabbit kidney, capable of mducmg 
a pressor effect when rejected mtravenously into a normal rabbit This sub 
stMce, which Tigerstedt and Berg m a n called Re-nin' (re' mn, in English) is non 
accepted as the basic substance of the humoral mechanism of experimental 
renal hypertension Pnntmetal and collaborators (333) and others (433) found 
a greater amount of this premor substance m the kidneys of dogs, but not rabbits, 
with experimental renal hypertension, and of hypertensive persons (393) Al- 
though this substance seemed to possess at least some of the basic requirements 
for the hypothetical pressor substance of experimental renal hypertension, yet 
its lack of vasoconstrictor properties (121) led two mdependent groups of in- 
vestigators (36, 233, 234, 277, 278, 287, 308) to the rcaliiation that renin is not 
a direct pressor substance, but a key substance (241, 246) of the hiunoral mech- 
anism which acta upon a substrate m the blood, to form a new substance, that 
IS vasoconstnetor and therefore pressor 
In 1940, Landis (236) wrote, "The evidence that renal ischemia raises the 
blood pressme by a humoral mechanism seems unassailable” Yet Dock (88, 
89), as the result of some acute experiments, has amved at the conclusion that 
there IS no penpheral vasoconstnetor m the blood of the hypertensive rabbit 
Because the pithmg of a normal rabbit, with blood pressure kept elevated by an 
infusion of renm, did not result m the fall of blood pressure (unless the infusion 
was stopped) while it did fall when a hypertensive rabbit (not receivmg renm) 
was pithed, ho eoncluded that re the latter the normal vasomotor meehanism 
was called into play and the vasoconstnction was abolished A possible ex 
planation, which has not been tested, is that the immediate effect of pithmg is, 
temporarily at least, to abolish the output of the primary constituent of the 
humoral mechanism This should be investigated 
In recent years, ns a result of work on shock, evidence has been accumulatreg 
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-whicli indicates that the normal kidney may play a part, even m the homeostatic 
regulation of normal blood pressure, through the humoral mechanism of renal 
ongm which begms with the secretion of renin (184, 207, 215, 284, 365) There 
are those who doubt this The low blood pressure m shock (hemorrhagic or 
otherwise) mduces the secretion of remn and the formation of hypertensm 
(66, 83) in the blood Shock due to hemorrhage produces a lowenng of hy- 
pei^nsinogen (66, 83) m the blood of otherwise normal dogs but not m ne- 
phrectomized dogs or m dogs treated with KCN 

A generally accepted temunology for the constituents of the humoral me- 
chanism has not yet been estabhshed, and none of the substances has been 
isolated m pure form At the present time, the mechamsm is supposed to be as 
follows, and the foUowmg names are m use by different mvestigators for the 
vanous substances which constitute this mechanism 

Rentn 

an enzyme from 
the kidney, enters 
the bloodstream 
through the renal 
vein, and acts upon 

Hyperlenstn 

Angiotomn 

a polypeptide, which is 
the active vasoconstnctor 
substance, and which can 
be inactivated by 

The name remn activator, ongmally proposed for the stubstrate, by Page, 
should certainly be abandoned, because the term is misleadmg, smce the sub- 
stance it represents does not activate anytiung, and is actually acted upon by the 
renm It has been shown that it is contamed m the az globuhn fraction (327) 

Agreement upon a smgle nomenclature would be highly desirable, and the 
author suggests the acceptance of remn, hypertensmogen, hypertensm and 
hypertensmase as the most appropnate names for the constituents of the humoral 
mechanism of renal hypertension 

The foUowmg is a bnef summary of the chemical and physiological properties 
of these substances 

Remn Chemical 'properties Remn has not yet been isolated m pure form, 
althou^ several attempts to purify it have been made (22, 52, 84, 104, 191, 
228, 322, 358) All that can be said is that it is either a protem, a protem-hke 
substance, or contains protem as a contaminant (181, 191, 262, 321) It is 
present m the press-jmce (187, 188) or m vanous extracts (36, 196, 218, 241, 321, 
325, 329, 396, 441) of renal cortex (not medulla) and does not occur m similar 
extracts of other organs (spleen, liver) (121) It is thennolabile (destroyed 
by heat above hO^C) and not dialyzable In an electnc field, remn migrates to 
the cathode, the isoelectnc pomt bemg between pH 6 6 and 7 5 The results of 
studies on the behavior of renm subjected to precipitation with ammonium 


Byperlensxnate 

an enzyme in 
the blood and 
in extracts of 
some organs 


Hypertensmogen 

Prehypertensm, a globulin 

Hypertensin-preousor in the blood 

Remn-substrate plasma, to form 
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Bulpliato and dialyms suggest that it is a pseudoglobulin (ISl) but this has not 
been estabhshed beyond queshon Most investigators regard it as a proteolytic 
eniyme (278, 309) extractable by vanous methods from all mammalian normal 
kidneys and from the kidneys of other animals (321, 434, 440) Plentl and 
Page (328) found m their purified renin the ensymes pepsm, trypsin, cathepsin, 
armnopeptidase and carboxypeptidase They were not able to identify one 
of these eniymes as being specifically the eniyme rerun, although they were 
able to exclude anunopeptidase and carboxypeptidase But Wintemits and 
collaboratoiB (441) have asserted that renin, in very pure form, is free of or 
dinary eniymatio activity Vanous methods for extracbon and punficabon 
have been descnbed (62, 181, 262) 

The preparabon and isolahon of renin, by extraction, are best earned out 
under aerobic condibons, because anaerobie oondibons favor the formabon 
of pressor amines, tyramine, isoamylamine and probably ethylamme (91) 
ICdneys from young rata have been reported to contam more rerun than those 
from old rats, but old rata are more sensitive to parenterally administered renin 
(182) This study should be repeated on rata and other ammals by use of more 
recently developed methods for extracbon and assay 

Physiologteal properties Remn is effeebve in raising blood pressure, when it 
IS mjected mtravenously mto animals, but it is not vasooonstnetor when dis- 
solved m sahne and perfused through a aroulatory system from which the 
blood has been washed out It is not a direct pressor substance (36) The 
physiological efiecta of rerun mjected mtravenously mto a normal arumal are 
idenbcal with the hemodynamic state of animals with experimental renal hy- 
pertension It IS not species specific for animals, all ronm, mcludmg human, 
when mjected mtravenously, produces a pressor effect m all animals But 
no anunol renin so far produced has a pressor effect m man, who responds only 
to human renm (403) The pressor effect of remn is produced mdirectly by the 
mteracbon of remn and hypertensmogen, n globuhn m the blood plasma This 
results m the formabon of a new substance, hyjiertenam, which is the effeebve 
vasoconstnetor and therefore the true pressor substance The site of aobon of 
remn itself is therefore m the blood and not on the vasomotor endings of the 
penpheral artenoles (402) or directly on the arteriolar muscle (2, 295), as was 
thought at first In the rabbit, the pressor effect of renm is ahohshed or lowered 
by ether anesthesia (357), but this is not true of the dog 

Tigerstedt and Bergman (402) reported that renm exhibits tachyphylaxis, 
which means a decrease of the response of the animal to repeated mtravenous 
mjeebons of the same amount of renin, pronded these are made only a few 
mmutes apart This has been confirmed by others (191, 197, 228, 240, 241, 
268, 295) This effect is mdependent of anesthesia, typo of anesthebc, type and 
method of preparation of renin and occurs m a bilaterally nephrcctomixed 
animal (413) It produces no direct effect on the isolated perfused heart (197, 
200) but when injected mtravenously into an animal, mcreases the force of 
cardiac action When it is mjected mtravenously, it produces its effect even m 
an animal with spmal cord sectioned or destroyed (272), and its pressor effect 
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13 not the result of the stimulation of an endocrine organ It produces its effect 
m the absence of hypophysis and adrenals (272) In the rat, it is said to 
be effective when mjected mtrapentoneally, and more effective m the bilat- 
erally nephrectomized than m the normal rat (115, 272) This should be 
tested on dogs and other animals It does not produce a reduction m peripheral 
blood flow or a fall m the temperature of the surface of the skm (221) Its 
effect IS not reversed by 933F (222), or ergotamme tartrate, nor is it enhanced 
by cocame It has a more prolonged vasopressor effect m bilaterally nephrec- 
tomized a n i m a l s (348), probably on account of the mcrease of hypertensmogen 
m the blood of such animals Remn mjected mtravenously into the normal 
rabbit produces diuresis and mcreased excretion of sodium chlonde (323) It has 
been asserted that extracts contammg remn from the kidneys of animals nith 
experimental renal h 3 Tiertension and of acutely and completely ischemic kidneys 
contam more remn than the extract of the opposite normal kidney, or of normal 
kidneys from other animals But Landis (237) was unable to correlate the remn 
content of the kidney and the physiological state of the kidney This work 
should be repeated with the use of the more recently devised methods of ex- 
traction and assay 

The presence of remn m the renal venous blood and systemic blood of animals 
with experimental renal hypertension has been inferred from the production of 
hypertensm, when the blood was added to hypertensmogen and mcubated with 
it (80, 105, 298) Dexter and Haynes (82), by this mdirect method, measured 
the amount of remn m the sj^stemic blood of human hypertensive patients 
They found remn only when the blood pressure was nsmg abruptly (eclampsia 
and acute glomerulonephntis) , none m the blood of patients with bemgn essential 
hypertension On this account they suggested that remn may be involved only 
initially, durmg the development of hypertension The existence of rerun in 
renal venous blood from a human kidney, the renal vem of which had been 
occluded for 12 mmutes, has been reported (338) The cnticism of most of 
the negative results is that too much remn is expected and therefore too small 
a quantity of blood has been tested Gollan, Richardson and the author (un- 
pubhshed), by mcubation of larger quantities of blood, and vuth proper pre- 
cautions to prevent the action of hypertensmase, have been able to demonstrate 
the formation of hyjiertensm by the action of renm on the natural hypertensmo- 
gen m the blood of dogs with experimental renal hypertension, both bemgn and 
mahgnant In the anunals, m the mahgnant phase, there W’as much more hyp>er- 
tensm in the final product, and therefore presumably more remn m the blood 
A more direct way of determmmg the remn content would be to measure the 
rate of formation of hypertensm 

The action of remn is not affected by h 3 qiophysectomy, thyroidectomy, 
splanchmcectomy, gonadectomy, splenectomy, pancreatectomy, abdominal 
ensceration or destruction of the spmal cord (272, 278, 435) Bilateral adrena- 
lectomy, although it has no immediate effect (272), is followed by a progressive 
decrease m the response to the mtravenous mjection of remn (210, 278) By 
slow mtravenous admmistration of a small amoimt of renm, the blood pressure 
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as kept elevated about 30 mm above nonnol, for four hours Larger quantities 
produced untoward circulatory disturbance (201) With one exception (430), 
mixstigators agree that the effect of the purest renm so far produced is not 
potentiated by cocame or reversed by ergotamine tartrate or 933F Its ultimate 
effect is therefore different from that of known sympathicomimetio pressor 
amines Its action differB from that of adrenahn, pitultnn and tyrnmine 
The pressor response to an intravenous m]ection is more delayed because for 
mahon of the true vasoconstnctor substance, hypertensin, has to occur durmg 
this mtcrval The rise of blood pressure is not ns steep and lasts much longer 
It takes about two minutes for a umt of rerun to produce its maximum nse of 
30 mm Hg direct mean pressure and the gradual return to normal may take 
ns long as 30 mmutes The nse of blood pressure is not associated with a de- 
crease m penphernl blood flow 

The action of the purest remn so far produced (191, 197, 228, 240, 241, 208, 
396, 436, 441) is no different from that of crude renal extracts that do not also 
contam a depressor substance According to GroUman and collaborators 
(172, 433) the amount of renin m a kidney extract, or its apparent concentration, 
depends upon the care of the tissue pnor to its preparation, the method of 
preparation and the duration of time between the preparation of the extract 
and its assay on a test animal The last part of the statement must apply only 
to very crude extracts, because the author has assayed moderately purified 
hqmd, froien or lyophihied preparations of renin several times durmg a period 
of three years without notmg much detenoration in any of them. Ah prepara 
tions of renm were stenhsed ongmslly by filtration through a Seiti filter, and 
kept in sterile condition, without the addition of preservatives, in seaied vials 
The hquid and lyophillred renins were kept at 4°C , while the frosen renin 
was kept at — 30°C 

Pole of Renm m the Body The findmg of Tigerstedt and Bergman (402) that 
bilateral nephrectomy increases the sensitivity of the organism to an mtravenoua 
injection of renm has been confirmed by others (116, 272, 310, 411), but their 
idea that the kidney eliminates renin has not been confirmed, because it has 
been found that only when large quantities of renin are suddenly mjected mtra 
venoualy does it appear in small quantity m the unne The maximum excretion 
occurs m about one hour after the rejection (209) Because the absence of 
the hver and kidneys delays the rate of diaapjiearance of remn mjected mtra 
venously, Lelou- and collaborators (247) concluded that both play an important 
part m the ehmination of rerun from the body The mam mechanism of ehm 
ination of remn from the circulation is now considered to bo destruction by the 
tissues of the body, including the kidney and h\ er (209) 

The Unti of Renm Various units have been suggested and different methods 
for the purification and bioassay of animal renm have been described (62, 161, 
181, 101, 228, 239, 246, 207, 272 321, 324, 329, 343, 369. 396, 410) A special 
method for the assay of human remn has been desenbed (84, 280) It would be 
highly dcsirablo to determine the best method, and agree upon a unit, for animal 
and human renin, in order to hai e at least one good basis for the comparison of 
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results obtained by different investigators Leloir and collaborators (246) 
defined a unit of renin as the quantity which, ivhen incubated with hyper- 
tensinogen in excess, at 37°C and pH 7 5, produces 0 5 unit of hypertensm m 
two hours We have used the direct method for the assay of animal renm 
(151) and have defined the dog umt as the quantity which, when mjected m- 
travenously mto normal unanesthetized dogs, wiU cause a nse of direct mean 
pressure of 30 mm Hg This has proved a very useful method for purification 
studies (228) A method for the study of the reaction kmetics of renm has been 
descnbed by Plentl and Page (326) 

Hypertensinogen This is a protem (327) of the blood plasma upon which 
renm acts to form the vasoconstrictor substance hsqiertensm (angiotonm) It 
is thermolabUe, not ultrafiltrable, and not dialyzable It is a pseudoglobulm 
(34, 278, 279, 360) and a constituent of the arglobuhn fraction (327) Serum 
albumm and hemoglobm do not act as renm substrate Edman 07), ho-never, 
considers that the method and conclusions of this study by Plentl, Page and 
Davis (327) are “not entirely above criticism” A method for its preparation 
m relatively pure form, from beef serum, has been descnbed (360) It is pre- 
cipitated from serum by ammomum sulphate between 0 30 and 0 41 saturation, 
at pH 6 8, and does not precipitate after dialysis agamst distiUed vater 

Renm extracted from the kidneys of mammals reacts to form hypertensm 
With hypertensmogen from any mammal, with the exception of man Human 
renm is active on the hypertensmogen of any mammal mcludmg man Renm 
IS found m the kidneys of chickens and ducks and it reacts vith hypertensmogen 
from any of those birds but not with mammahan hypertensmogen Mam- 
mahan renm is not active on avian plasma There seems to be no renm m the 
kidneys of toads or sharks (14) 

The reaction between renm and hyjiertensmogen is enzymatic and specific 
m the sense that only blood plasma or serum of vanous kmds acts as the sub- 
strate Hemoglobm, hver, spleen, thymus, testis, lung, heapt, skeletal muscle 
and vegetable protems do not act as renm substrate It requires only a small 
amount of renm m proportion to the amount of substrate m the blood to brmg 
about the optimum reaction, and the amount of h3T3ertensm formed is pro- 
portional to the amount of blood globuhn The action is not greatly affected 
by temperatures up to 37°C, for although it is hastened by mcubation, at 37°C, 
yet it IS only shghtly retarded, and goes on to completion, at 0°C, even m the 
presence of hypertensmase (356) (See under Hypertensmase ) The effect of 
renm on h3q3ertensmogen cannot be reproduced by pancreatm, papame or extract 
of hver or spleen, nor by pepsm at the pH of the blood (see Pepsitensm) 

Accordmg to Leloir and collaborators (246), the quantity of hypertensmogen 
IS about the same m the blood of normal dogs, con s and pigs, while the horse 
has a httle less Lymph contains as much hypertensmogen as plasma (134) 
The amount of hypertensmogen is mcreased m the blood of bilaterally ne- 
phrectomized ammals (245, 278) It is not affected by h3T5ophyBectomy 
Adrenalectomized rats are less sensitive to an mjection of remn (431) and hy- 
pertensmogen was found greatly decreased m bilaterally adrenalectomized 
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aninmlB (138, 148, 246, 262) and m dogs 111111 hemonhagio shock (66), in human 
hepatic InsufiSciency (190), but not in one case of Addison’s disease (189) It is 
not increased in the blood of hypertensive animals or m human hypertension 
(189) Adequate substitution therapy of adrenalectomized animals with 
adrenal cortical extract results m the return of hypertcnsmogen m the blood 
to the normal level Repeated mjeotlons of ranm, with final tachyphylaxm, 
are said to deplete the hypertcnsmogen in the blood (278) It is probable that 
hypertcnsmogen is formed in the hver (246) Hepatectomy and destruction 
of the hver by chloroform poisomng cause hypertensmogen to decrease m amount 
and oven to disappear from the blood (148, 262, 314) and it is often significantly 
decreased m h uman hepatic insufficiency (189) Hepatectomy causes a decrease, 
but if bilateral nephrectomy is performed at the same time, then there is no 
dumnution, because no rerun is bemg liberated to use up the hypertensmogen 
(247) 

Vral of Hypeiiemtnogen This may be defined as the amount of hyper- 
tensmogen which, with an excess of rerun, and m the absence of hypertensmase, 
will produce a imit of hypertensin 

Hypertennn (Anptotonin) The substance formed by the action of renm on 
hypertenslnogen is the final effector, vasoconstrictor, and therefore pressor 
substance of the humoral mechanism of renal hypertension which causes the 
increased tonus of the smooth muscle of the artenoles when renin is injected 
mto, or presumably enters, the blood stream (279) It was discovered mde- 
pcndently by two groups of workers who gave it the names hypertenam (36) 
and anpotonm (308) If it is fiinally proved that the product which results 
from the interaction of renin and the subetrate in the plasma of hypertensive 
animals and man is the substance that causes persistently elevated blood presure, 
then the term hypertensm of the South Amencans (279) will be the more ap- 
propriate It has already been shown (36) that when hypertensmogen is added 
to the blood plasma or serum from the blood of a totally ischemic human kidney, 
and the two are meubated under conditions that prevent the action of hy 
pertensinase, a substance results which has all the properties of hypertensin 
(338) Evidence is accumulatmg that renm, (and therefore hypertensm) is 
present m the systeimo blood of hypertensive animals and man This is one 
of the most important problems that remam to be settled 

Chemical properliet Hypertensm is soluble m water, 96 per cent ethanol, 
76 per cent acetone, hqmd phenol, glacial acetic acid and methylene glyool, 
but insoluble in ethyl ether, chloroform and amyl alcohol It is dialyiablo and 
thermostable (resistant even to boiling temperature), alkah labile, (destroyed 
completely byboilmgfor 1 hour at pH 10), relatively acid-etable (does not become 
inactivated by boiling for 2 hours in IN HCl), can be precipitated with phos- 
photungstio acid, is destroyed by oxidation and acetylation with ketene (331), 
but is not affected by reduemg agents (309) It is fluorescent and gives the color 
reaction for argmme, but it is not destroyed by the action of argmase (73) A 
poeitivo Sakaguchi reaction is its only reaction for protem (309) It contains 
tyroamo and histidme, but not cysteine, tryptophane or prolme (73) In 
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electrophoresis experiments, hypertensm behaves as an amphotenc electrolyte 
of neutral character (73) Cruz Coke has outlined the similanties and differences 
between hypertensm and the pituitary pressor hormone (73) That the reaction 
between renm and hypertensmogen is dismtegrative is mdicated by the fact 
that pepsin, a known proteolytic enzyme, may replace renm m this reaction, 
but only at a very low range of pH Pepsm is mactive m the optimum range 
of pH for the activity of renm, and does not produce a pressor effect upon m- 
travenous mjection That the reaction between renm and hypertensmogen is 
enzymatic is now generally accepted (325) Hypertensm is also destroyed 
slowly by hydrolysis, by proteases and peptidases (73) It is now considered to 
be a polypeptide of low molecular weight (244), although Page and Helmer (309) 
found that it gave a negative biuret It is destroyed by pepsm, trypsm, papam 
(36, 96, 278) and extracts of some organs, as well as by fresh normal blood 
plasma, serum and laked blood corpuscles, all of which contam hypertensmase 
The vasoconstnctor effect of h 3 rpertensm is inactivated by ammo-oxidase from 
hver of sepia officmahs and tyrosinase from Psalhota campestns (66) It is 
easily destroyed dunng punfication, for unknown reasons (244) Cruz Coke 
(73) hsts a number of chemicals which partially or completely inactivate hy- 
pertensm, the most important bemg lodme The effect of the latter is due to 
the transformation of the tyrosme m hypertensm He also emphasizes the 
accelerated destruction of hypertensm by hypertensmase upon the addition of 
oxidized cytochrome C to renal extract contaimng hypertensmase 

Crystallization of angiotonm m the form of its picrate and oxalate has been 
reported by Page and Helmer (309), but this result was not confirmed (330) 
Recently a preparation of high potency was obtamed by Edman (97) As 
httle as 0 5 7 ehcited an appreciable effect on the blood pressure of a cat Cruz 
Coke (73), by means of amomc resm has been able to punfy hypertensm, so that 
it had only 0 08 mgm N per unit Cationic resm adsorbed the hypertensm, 
but it was not possible to elute it The meltmg pomt of this substance m pure 
form has not yet been reported The effect of proteolytic enz 3 Tnes on partially 
purified angiotonm has been mvestigated (330), but the authors state that 
“such a study cannot be taken as offermg proof of the structure of this 
substance” 

The most recent important contnbution to the subject of the punfication of 
hypertensm is by Edman (97) whose method consists of chromatography, pre- 
cipitation with nitramhc acid and electrodialysis He obtamed m this -way a 
600-700 fold purification of the active prmciple, but the yield was only 3 per 
cent This great loss he attnbutes to the labihty of the h 3 TJertensm structure 
His highly punfied hypertensm is almost 40 tunes more effective m raismg blood 
pressure than a comparable amount of tyramme phosphate He regards his 
product as essentially pure, judgmg by its behavior on partition chromatography 
on filter paper By means of electrophoresis he detemnned the isoelectnc 
pomt to be at pH 6 8 From the diffusion constant of his hypertensm m pure 
water he calculated the molecular weight to be 2700 By means of paper 
chromatography, and some preliminary quantitative determinations, he foun 
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In Ms hypertcnsm the annno nade lysme, histidine (28 per cent), glycine, ala- 
nine (3 8 per cent), serine, prohne (6 per cent), \ahne, tyrosine (2 per cent), 
leuane (or isoleucine), aspartic acid (4^ per cent) and glutamic acid (6 per cent) 

Physrologtcal properties of kypcrtenstn The pressor effect produced by an 
intravenous miection of hj’pertensm is immediate and steep, like that of adren 
alin The maximum rise from the intravenous mjection of a unit of hyper- 
tensm occurs m a mmute or less and the return to normal m three minutes or 
less Accompanymg the hypertensive effect of hypertensm, as in the case of 
renin, there is no change m blood flow through the skin, as measured bj tern 
perature of the skin and by direct observation of blood lesscls groiving m a 
a ound m the skin of a rabbit’s ear (301) There is n decrease m the \ olume of 
the spleen and kidney (30), a decrease m coronarj blood floiv, increase of \enous 
pressure and decrease of renal blood flotv Hypertensm produces no significant 
symptoms, except forceful heart beat, irhen it is mjected mtmvenouslj into man 
(301) In vagotomiied dogs the heart rate is not modified (30) Continuous 
intravenous injection produces an mcrease of blood pressure ahich is maintamed 
dunng the period of mjection (30) On isolated mtestinal stnps hypertensm 
has a stimulating effect(309) and a similar effect is produced by it on nearly all 
smooth muscle 

Hypertensm ahoivs no specifiaty This product of the reaction between 
mammalian rerun and hypertensmogen shows its characteristic pressor effect 
m dogs, chickens, toads and snakes Dogs and chickens do not exhibit tachy- 
phylaxis as a result of repeated mjections of hypertensm Toads and snakes 
are rapidly rendered tochyphylactie (14) 

'The assertion of Page and Helmer (301) that rejieated injections of angiotomn 
produce tachyphylaxis by the method of perfusion of the rabbit’s ear has not 
been substantiated by the aork of others (278) aith the rejieated m]ection 
in VIVO The method of perfusion of the rabbit’s car is notably utuchable and of 
questionablo value in this connection Existence of angiotomn actii ator, postu 
luted by Page (301), was not confirmed As m the case of rerun, mjected m- 
travenously, the pressor effect of hyjiertensm is unaffected by cocaine (191,309), 
atrojnne (309), ergotamme (191), 933F, or stilbestrol (309) It is therefore 
not a sympathiconumetic substance The effect is greatly mcreased m bilat- 
erally nephrcctonured dogs Hypertensm, like renm, when mjected mtra- 
vcnously, mduces a pronounced but transient nse m potassium and a greater 
and more prolonged rise of sugar m the blood of dogs under the mfluenco of 
chloralose No special significance has been attached to these observations and 
they have not been confirmed (113) The striking difference between remn 
and hypertensm is that hypertensm produces vasoconstnotion when it is added 
to Einger’s solution and perfused through an isolated organ from which the 
blood has been washed out, while renm m Singer’s does not hare this effect 
The duect effect of hypertensm and the mdiroct effect of rerun are exerted on 
the musculature of the peripheral blood vessels largo doses of hypertensm 
injected intravenously mto normal persons caused n decrease m blood r olume 
and cardiac output, as measured by the balhsto-cordiograph (400) The effect 
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of hypertensm injected intravenously is not affected by vagotomy, excision of the 
carotid bodies, splancbmc nerves, pitmtary, pancreas, hver or adrenals, by 
evisceration, destruction of the adrenal medulla or rapid elimination of the 
central nervous system, m cats and dogs (97, 307) 

The finding of Page and collaborators (233, 295, 298, 299, 300, 302, 304) that 
there is m the peripheral systemic blood of hypertensive animals and man a 
vasoconstrictor “angiotomn-like substance”, not present m the blood of normo- 
tensives, has not been confirmed There is no proof that this hypothetical 
substance is identical with rerun or hypertensm These studies were also 
earned out by the rabbit’s ear pierfusion method, so the results will require 
confirmation by some other method before they can be accepted The same 
holds true for the demonstration of a pressor substance m blood perfused through 
an isolated kidney with renal artery constneted, demonstrated by the same 
method (233) 

Gregory and collaborators (162) have failed to demonstrate an mcrease of 
vasoconstnetor substance for frogs m the ultrafiltrate of blood plasma of human 
bemgs with essential hypertension of long duration Basmg themselves on the 
results of a quantitative method of questionable value, they concluded, without 
full justification, that essential hypertension is probably not caused by an m- 
creased production of hypertensm Dexter and Hkynes (82) failed to produce 
hypertensm when they added h 3 pertensmogen to the systemic blood of patients 
with essential hypertension For the present, at least, the most obvious cnti- 
cism of this work is that the amount of blood tested has always been too small 
More studies of larger amounts of blood are necessary The failure of Grollman 
and Rule (177) to demonstrate a pressor effect m the normal rat of parabiotic 
twins, of which one was hypertensive, on a renal basis, does not disprove the 
existence of a humoral mechanism m this type of hypertension and does not 
prove their contention that the normal kidney elaborates a substance the absence 
of which results m h 3 rpertension The explanation of their results may be simply 
the slow passage of the hypertensm from one animal to the other and the rapid 
destruction of that which does pass across (31) 

Umi of Hypertensm This is best defined as the quantity of hypertensm 
which, when mjected mtravenously m the unanesthetized tramed dog, will give 
a rise of 30 mm Hg direct mean femoral blood pressure Braun-Menendez 
and collaborators (36) consider an elevation of 20-30 mm as a umt, because of a 
greater vanabdity of response to the same dose than we have noted This 
difference may be due to the fact that our animals are well tramed and he qmetly 
durmg a determination This is a necessary condition for uniform results from 
mjections of rerun or hypertensm They have published a curve of the pressor 
effects of vanous amounts of hypertensm from which the number of imits is 
estimated by mterpolation (36) This is not accurate, m our expenence, smee 
the pressor response to hypertensm is not a Imear function of the concentration of 
hypertensm It would be highly desurable to agree upon one method 

Pepsitensin It has been shovm by Croxatto and collaborators (68) that 
pepsm, if it acts on blood globulm, at pH 3 0, or lower, can produce, by peptic 
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digestion of the protein, a vasoconstnotor and pressor substance which they 
have called pepsitensin and which they assert is identical in chemical and phar 
macological properties with hypertensm, except that pepsitensm is not 
inactivated as rapidly by hypertensinase (0, 37) This difference is attributed 
to impurities m pepsitensm and it is asserted that the purer the pepsitensin the 
more sensitive it is to inactivation by hypertensinase and other proteolytic 
ensymcs (73) Hypertensm is more easily destroyed than pepsitensm by the 
action of pepsm This is to be expected, smee pepsitensm results from the 
action of pepsm on blood globuhn Hemn and pepsm, however, do not act on 
exactly the same substrates Plasma globuhns acidified to pH 2 and then 
neutraliied, or precipitated with alcohol and redissolvcd, no longer yield hyper- 
tensin mth renm, but still yield pepsitensin with pepsm It would seem that 
pepsm actmg on denatured globuhn is capable of produemg a pressor substance, 
while renin fails to do it (244) The existence of pepsitensm has been confirmed 
by others (192, 424), mchidmg ourselves What significance these experiments 
will have eventually m connection with the humoral mechanism of renal hyper- 
tension it IB difficult to estimate at this time For the present they merelv 
indicate the probable non-specific character of the renin hypertensinogen in- 
action, and the disintegrative nature of this reaction, which results m the for- 
mation of an active pressor substance 

Hyperttrmruue It was noted by Page and Helmer (310) that when remnwan 
moubated with plasma or serum, angiotonm was formed, but that contmuenm.- 
cubation resulted in the destruction of the angiotonm They attribiitedi^L 
to the effect of the renm Mufios and collaboratore (278), however, 
that this inactivatmg effect of the renm could be eliminated while the nrrr — 
of the ren m to produce the pressor substance remamed unaffected 'Trr’-v : 
them to postulate the existence of another enzyme associated with ingmrerm-, 
For this enzyme the name hypertensinase was chosen by the South > i !■ 

(107), and it has been called angiotonase, to correspond with angiotonm-— dha 


TZi 

"WliK- 

There is no mcreaat-cTrrTsrrKsnj* 


and collaborators (313) 

Hypertensmase is a hydrolyimg enzyme, or group of enznnm 
present m blood plasma and serum, m laked red blood corpuscles 
of organs, especially mtestme, kidney, pancreas, spleen andjrci- 
abihty to destroy hypertensm in nlro Intestinal mucosa if ihrzzz 
of this enzyme, while blood serum and plasma that are not fern 
only a relatively small amount (107) 
hypertensive dogs (81) or man (190) 

Pmperttes Hypertensinase is a protem and an enzme. -i - — ^ ivs r/' e= 
zymea, not dialyzable, and precipitable by hall satmsir — ^ 
sulphate It is aad and heat labile (destroyed at 0O°C. -5>. 

of hypertensmase is optimum at a pH between 7,6 me ir "" j fsYrvr' 
inactivated, if kept at pH 35 for 15-20 minutes, at sm.-— r ^ 

of renm and hypertensmogen The action of hyperierca* , 
at 18°C (13) and becomes negligible at 0°C (35^ r-,.- 
reaction between renm and hypertensinogen is ccj-i 
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go on to completion Although hypertensmase has not yet been isolated m 
pure form, Croxatto and collaborators (69, 70, 71) have concluded that its 
effect on hypertensm is due to a peptidase, and most probably an ammopeptidase 
action (72). This agrees with the finding that the hypertensm mactivatmg 
effect of an extract of pancreas is due to carboxypeptidase (330) Their con- 
clusion, on the basis of i n h i bition experiments, is that the hypertensmase effect 
of renal extract and of laked red blood corpuscles is partly proteolytic and partly 
an oxidase effect From renal extracts it is difScult to obtain hypertensmase 
free of renm, but the hyrpertensmase may be easily destroyed m a solution of 
remn There is some probabdity that the kidney may be the mam source of 
the hypertensmase m normal blood plasma This is indicated by the fact that 
there is almost complete absence of hypertensmase m the blood of bilaterally 
nephrectomized dogs There is less hypertensmase m lymph than m plasma 
(134) The fact that the blood from the ischemic kidney contains less hyper- 
tensmase than normal blood may mean that the ischemic kidney produces less 
(426) The exact part, if any, played by hypertensmase m the maintenance of 
normal or elevated blood pressure is not yet elucidated 

The Unit of Hyperleimnaae This has been defined as the smallest amount of 
hypertensmase which is capable of inactavatmg one umt of hypertensm m 30 
mmutes at 37 6°C The techmque for the detenmnation of this umt is to com- 
bine vanable amounts of hypertensmase with a constant amount of solution 
known to contam one umt of hypertensm The mixture is mcubated for thirty 
mmutes at 37-38°C and is then mjected mtra\ enously mto a normal, unanes- 
thetized tramed dog The least amount of hypertensmase which destroys the 
entire umt of hypertensm, so that there is no nse of blood pressure after its 
intravenous mjection mto an animal, is the umt of hypertensmase (107) 

Mechamsm and Site of Formation or Release of Remn Despite the vast 
amount of work that has been done on the propierties of the vanous constituents 
of the humoral mechanism of experimental renal hypertension, but httle of a 
defimte nature has been established beyond question about the mechamsm and 
site of formation and release of remn, upon the action of which the formation 
of hypertensm depiends Although Leloir (244) states unequivocally that most of 
the known facts about the mechamsm of action of remn are consistent with its 
bemg the cause of renal hypertension, yet Grollman (166) even questions the 
existence of preformed renm m the kidney, and considers that it is merely the 
product of autolysis tn vitro His experiments may merely mdicate that m 
the hvmg animal a renm precursor, proremn, as it leaves the hvmg cell, undergoes 
a change which transforms it mto remn, and that the same transformation can also 
occur in vitro Analogous transformations are known to occur m proteolytic 
enzymes, for example, the formation of trypsm or pepsm from their mactive 
precursors 

Exactly what takes place m the kidney, with mam renal artery constncted 
adequately to give hypertension, without causmg obvious degeneration or 
necrosis m the substance of the kidney, is not well known The obwrvation o 
decreased oxygen consumption by the ischeimc kidney (249) or by isc en^ 
renal tissue (140) has been confirmed (339), but the result has been questioned 
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on the ground that the reduction may bo due to death of a certam number of 
•cells and not to mterference with the function of all (234) Inhalation of 7-10 
per cent Ot did not cause a greater rise of the blood pressure of hypertonsivo dogs 
(390), and contmuous inhalation of 100 per cent oxygen for 48 hours failed to 
lower their blood pressure This has been mterpreted ns not bemg m favor of a 
hypothetical aooxeimc factor m the pathogenesis of experimental renal hyper- 
tension Yet Crus Coke (73) has arrived at the view that tissue anoxia, es 
pecuiUj renal, plays an important part m the humoral mechanism of renal 
hypertension The cntioism of the expenmente on oxygen consumption may 
also possibly apply to the demonstration of a great dimmubon of the cytochrome 
C concentration and the activities of the cytochrome ondaso and succimo de- 
hjalrogenase m shces and homogenates of the ladneys ot hypertensive dogs (340) 
More work of this land must be done before its significance can be evaluated 
The site of ongm of renm, at least tn vtlro, has been investigated, and the 
cvndence at the present time is that it originates m the cortex ot the kidney and 
especially m the lining epithehum of the convoluted tubulee The fact that 
extract ot aglomerular midshipman fish kidney contains no ream (130) has 
provided no clue to the ongm of renm because it has been found that manne 
fish kidneys which do possess glomeruh do not contam renm, while the kidneys 
of fresh water fish possess it m great abundance The explanation for this 
difference has not be^ found (132) Yet renm can be produced from the kidney 
of the dolphm, a marme mammal (98) Because the renin content of the m 
\ olutmg tubular portion of the mesonephros ot pig embryo decreased, while that 
of the developing tubular portion of the metanophros mcreased, th^ conclusion 
was reached that the convoluted tubules are most probably the site of ongm 
(production and storage) ot renm (220) In keepmg with this is the fadure to 
extract renm from kidneys in which the proxunal coni oluted tubules had been 
destroyed by sodium tartrate poisoning (131) 

The nature of the stimulus for the release of renm has not yet been determined 
The idea that reduction of mtrorenal pulse pressure, rather than decreased blood 
flow to the kidney, is what determines the release of renm and the formation of 
the vnsoconstnctor substance depends entirely upon the demonstration of a 
pressor substance m the blood by the rabbit’s ear perfusion method, and since, 
bj admission, this is not really a test for renin or angiotonin, it is questionable 
what significance can be attached to these experiments (02) The assumption 
ot a presumable change from mtermittent to continuous pressure beyond the 
Bite of the afferent preglomerular ortenoles is not justified, for the very reason 
that a pulsatilo pressure m the glomerulus has never been proved to exist 
Braun Menendei (31) states unequivocally that, “The idea that diminished pulse 
pressure withm the kidney causes the hberation of r enm has no solid experimental 
proof” The reduction of blood flow through the functioning components of 
the kidney (glomerular and peritubular capUlanes) is another possible stunulus 
(162, 260) That there is a reduction m the blood flon through the kidney m 
most cases of essential hypertension, affecting both kidneys equally (47, 48 63, 
166, 304), ns well as m the early stage of experimental renal hypertension (162), 
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go on to completion Although hypertensmase has not yet been isolated in 
pure form, Croxatto and collaborators (69, 70, 71) have concluded that its 
effect on hypertensm is due to a peptidase, and most probably an ammopeptidase 
action (72) This agrees with the findmg that the hypertensm mactivatmg 
effect of an extract of pancreas is due to carboxjrpeptidase (330) Their con- 
clusion, on the basis of inhibition experiments, is that the hypertensmase effect 
of renal extract and of laked red blood corpuscles is partly proteolytic and partly 
an oxidase effect From renal extracts it is difficult to obtain hypertensmase 
free of remn, but the hypertensmase may be easily destroyed m a solution of 
renm There is some probabihty that the kidney may be the mam source of 
the hyperte n s m ase m normal blood plasma This is indicated by the fact that 
there is almost complete absence of hj^iertensinase in the blood of bilaterally 
nephrectonuzed dogs There is less h 3 rpertensmase m l 3 mph than m plasma 
(134) The fact that the blood from the ischemic kidney contains less hyper- 
tensmase than nonnal blood may mean that the ischemic kidney produces less 
(426) The exact part, if any, played by hjrpertensmase m the mamtenance of 
normal or elevated blood pressure is not yet elucidated 

The Unit of Hypertensmase This has been defined as the smallest amount of 
hypertensmase which is capable of mactivatmg one umt of hypertensm m 30 
minutes at 37 5°C The techmque for the determination of this umt is to com- 
bme vanable amounts of hypertensmase with a constant amount of solution 
known to contam one umt of hypertensm The mixture is mcubated for thirty 
mmutes at 37-38°C and is then mjected mtraienously mto a normal, unanes- 
thetized tramed dog The least amount of hypertensmase which destroys the 
entire umt of hypertensm, so that there is no nse of blood pressure after its 
intravenous injection mto an animal, is the umt of hypertensmase (107) 
Mechamsm and Site of ’Formation or Release of Renin Despite the vast 
amount of work that has been done on the properties of the vanous constituents 
of the humoral mechanism of experimental renal hypertension, but httle of a 
defimte nature has been established beyond question about the mechamsm and 
site of formation and release of renm, upon the action of which the formation 
of hypertensm depends Although Leloir (244) states uneqmvocally that most of 
the known facts about the mechanism of action of remn are consistent with its 
bemg the cause of renal hypertension, yet Grollman (166) even questions the 
existence of preformed remn in the kidney, and considers that it is merely the 
product of autolysiB tn vitro His experiments may merely mdicate that m 
the hvmg ammal a renm precursor, prorenin, as it leaves the hvmg cell, undergoes 
a change which transforms it mto remn, and that the same transformation can al^ 
occur tn vitro Analogous transformations are known to occur m proteolsdic 
enzymes, for example, the formation of trypsm or pepsm from their inactive 

precursors . 

Exactly what takes place m the kidney, with mam renal arteiy constnc 
adequately to give hypertension, without causmg obvious degeneration or 
necrosis m the substance of the kidney, is not well known The observation o 
decreased oxygen consumption by the ischemic kidney (249) or by isc en^ 
renal tissue (140) has been confirmed (^39) , but the result has been question 
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on the ground that the reduction may bo due to death of a certam number of 
cell* and not to mterference mth the function of all (264) Inhalabon of 7-10 
per cent Oi did not cause a greater nso of the blood pressure of hypertensive dogs 
(390), and contmuous inhalation of 100 per cent ovygen for 48 hours failed to 
lou er their blood pressure This has been interpreted as not bemg m favor of a 
hypothetical anoiemic factor in the pathogenesis of experimental renal hyper- 
tension Yet Cm* Cote (73) has amved at the vieiv that tissue anoxia, es 
pecially renal, plays an important part m the humoral mechanism of renal 
hjperteiision The cnticism of the experiments on oxygon consumpbon may 
also possibly apply to the demonstration of a great dimmubon of the cytochrome 
C concentrabon and the acbnties of the cytochrome oxidaso and succmio de 
hydrogenase m shcea and homogenates of the kidneys of hypertensive dogs (340) 
More ivork of this kmd must be done before its significance can be evaluated 
The site of ongm of renin, at least tn vtiro, has been mvesbgated, and the 
cndenco at the present time is that it ongmates m the cortex of the kidney and 
especially m the hiung epithehum of the convoluted tubules The fact that 
extract of a^omerular midshipman fish kidney contains no renin (130) has 
provided no clue to the ongm of rerun because it has been found that manne 
fish kidneys 'which do possess glomeruh do not contam lemn, tvhile the kidneys 
of fresh ■water fish possess it m great abundance The explanabon for this 
difference has not been found ( 132) Yet remn can bo produced from the kidney 

of the dolphm, a manne mammal (98) Because the rerun content of the m 
1 oluting tubular portion of the mesonephros of pig embryo decreased, while that 
of the developing tubular portion of the metanophros mcreased, th^ conclusion 
was reached that the com oluted tubules are most probably the site of ongm 
(produebon and storage) of remn (220) In keepmg -with this is the failure to 
extract rerun from kidnej-s in a hich the proximal convoluted tubules had been 
destroyed by sodium tartrate poisomng (131) 

The nature of the stimulus for the release of remn has not yet been determmed 
The idea that reduction of mtrarenal pulse pressure, rather than decreased blood 
flow to the kidney, is what determmes the release of rerun and the formation of 
the vasoconstrictor substance, depends entirely upon the demonstration of a 
pressor substance m the blood by the rabbit’s ear perfusion method, and since, 
bj admission, this is not really a test for renin or angiotomn, it is quesbonable 
■what significance can be attached to these experiments (02) The assumption 
of a presumable change from mtermittent to contmuous pressure beyond the 
site of the afferent preglomerular artenoles is not justified, for the 'very reason 
that a pulaablo pressure m the glomerulus has never been proved to exist 
Braun Menendes (31) states unequivocally that, "The idea that diminished pulse 
pressure ivithm the kidney causes the liberation of remn has no sohd expemnental 
proof’’ ’The reduction of blood flow through the funebonmg components of 
the kidney (glomerular and pentuhular capOlanes) is another possible stunulus 
(152, 260) That there is a reduction m tte blood flow through the Wdnej m 
most cases of essential hj-pertension, affecting both kidneys equally (47, 48 03, 
165, 384), as well as m the early stage of expenmontal renal hypertension (152), 
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IB an established fact, but there is BtiU a question about whether permanent re- 
duction of the blood flow is necessary for the persistence of hypertension m 
ammals (369) This must await better and more direct methods than are avail- 
able at present to allow frequent determinations of renal blood flow before and 
after constriction of the renal artenes Because, m an occasional animal, there 
was no permanent reduction m the blood flow through the kidney, although there 
was still a shght mcrease m blood pressure, some authors (61, 62) have brushed 
aside the idea that some reduction of blood flow is a necessary condition for the 
development of the hypertension For the demonstration of true renal ischemia 
ChasiB and Redish (48) require that the ratio of renal plasma flow (diodrast 
' clearance) to tubular excretory mass (maximum tubular secretion of diodrast) 
should be calculated, because the reduction of diodrast clearance does not nec- 
essarily mean renal ischemia Smith and collaborators (153, 155, 383) state 
that the evidence favors the view that the renal ischemia, so frequently observed 
m essential human hypertension, is a secondary event, and that the primary 
event is the circulation of a humoral substance of unknown ongm which bnngs 
about the efferent arteriolar spasm and progressive and parallel reduction m 
renal blood flow, which they consider characteristic of essential hypertension 
Others beheve that the efferent arteriolar spasm is due to the angiotonm pro- 
duced by renm m the blood (193), but m experimental renal hypertension this 
begms only after the renal artery is constncted, and therefore, m man, it should 
begm only when the renal artenes and afferent artenoles are suflBciently diseased, 
to reduce the size of the lumen 

The demonstration (65) tn miro of a normally perfusable vascular bed m the 
kidneys of human bemgs with bemgn hypertension, especially when the perfusmg 
flmd IS kerosene, certainly does not justify the conclusion that the perfusion of 
blood through the kidney tn tnvo is also normal m such mdividuals It is m- 
terestmg, however, that despite the obvious objection to the method, there was 
a great decrease of the rate of perfusion, even of kerosene, through the kidneys 
of patients vuth urexma, due to artenolosclerosis, glomerulonephntis or pyelo- 
nephntis 

The problem of the possible part played by the juxtaglomerular apparatus m 
the humoral mechamsm of experimental renal (156, 157) and human hyper- 
tension (229) IS by no means settled This apparatus has been descnbed in 
detail by Goormaghtigh (156, 158 158a) and others (94, 93, 269) 

An mcrease m the size of the "polkissen”, or juxtaglomerular apparatus, and in 
the number and size of the afibnllar, and sometimes granular, or vacuolated, cells- 
in this apparatus, m the kidneys of dogs with renal hypertension, produced by 
constriction of the mam renal artenes, has been descnbed (168) Goormaghtigh 
(158*) considers that these cells may have a local, or even general, secretory, or 
humoral activity and may therefore have a direct relationship to the hypertensive 
pnnciple In the rabbit, m which afibnllar cells are common m the normal 
kidney, Dunihue (95) states that Goormaghtigh has found an mcrease m th& 
number of afibnllar and granular cells m the juxtaglomerular apparatus of 
rabbits made hypertensive by constnction of the mam renal artenes Goormagh- 
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tigh considers that the afibrillar colls have to do with artonolar tone and that the 
granular cells are a source of the pressor substance These findmgs in the hyper- 
tensive rabbit have been confirmed by Dimihuo (94, 95) who subscribes to the 
same views Kaufman (229), on the basis of an anatomical study of kidneys 
from normal and hypertensive persons, reached a similar conclusion Grnef 
and Smith (160, 382), however, have drawn attention to the great variation m 
the appearance of the artenolar media and the size and structure of the juvta 
glomerular apparatus m normal man and animals and have cautioned that, 
because of species differences, e g , the absence of granular cells m the kidney 
of man and dog, the mterpretation of the ischemic changes must be oontmgent 
upon a more complete study of normal kidneys The des elopment of cytologic 
changes m the ]Uxtaglomerular apparatus, mterpreted by some mvcstigators as 
mdicative of endoerme activity, does not constitute convincing proof of the 
ongin of an endoennogeme pressor substance or precursor m this structure 

There is certainly no direct, convmcmg evidence that any special cells m the 
juxtaglomerular apparatus or preglomenilar arterioles are the source of a chemi 
cal factor which constricts the afferent or efferent arterioles, thus regulatmg 
glomerular blood flow, and, presumably, also the penpheral artenoles, with 
resultant systermo hypertension As a matter of fact, the presence of remn ip 
the developmg pig embryo, m which a definite juxtaglomerular apparatus has 
not been identified, mihtatea against this view (220) More mvestigation is 
is necessary before the functional sigmficanco of the juxtaglomerular apparatus 
can be properly assessed 

TlitTrtalmtnlof Expmmmlal Renal Hyptrimtvmhy Renal Exiraclt After the 
production of experimental renal hyjjertension was accomplished, it was hoped 
that methods of treatment which w ould be successful for hyjiertoiiaion in animals 
might be applied with equal success to human hypertension. It was soon 
shown that all the methods which had previously faded to affect human hyper- 
tension were equally unsuccessful m expenmental renal hypertension (160, 173), 
but that the difficulties im oU-ed m the clmioal appreciation of the hypotensive 
properties of various agents m essential hypertension are greater than m ex- 
perimental renal hypertension (4) 

Any attempt to treat experimental renal hypertension by affecting the humoral 
mechanism should take mto consideration the followmg poesibihtiea outhned 
by Mufloz and collaborators (278) 1, suppression, dimmution or inactivation of 
remn, 2, mhibition of the reaction between renin and hypertensmogen, 3, dim 
mution of the amount of hypertensmogen, 4, inhibition of the action, or 
destruction, of hypertensm, by an mcreaso in the amount or activity of hyper 
tensmaso, or some other agent capable of accompUshing tbm Methods 1 and 4 
ha\ e received greatest attention The fourth method will be discussed first 

Extracts of kidney had been used empuncally, with variable results, for the 
treatment of human hypertension (160) a long time before persistent hyper- 
tension was produced in animals The first attempts to treat expenmental 
renal hypertension by means of renal (and muscle) extracts were made by 
Harrison and collabomtors (174, 176, 176, 179, 180, 186) who reported a lowenng 
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of blood pressure in hj^iertensive rats by renal extract given by mouth, or 
parenterally Their attempt was based mamly on the assumption (179) that m 
the temporary hypertension due to unilateral constnction of the mam renal 
artery, the normal kidney, by some humoral mechamsm, e g , by mhibitmg or 
destroymg the pressor substance, might be playmg a part m ehnunatmg the 
hyjiertensive effect of the kidney with renal artery constncted Other evidence 
for this view is as follows the removal of a normal kidney m the presence of 
one with renal artery constncted causes the blood pressure to remam perma- 
nently elevated, after the removal of the ischemic kidney, if the other is normal, 
the blood pressure falls to normal m six hours, but it takes five tunes as long 
for the blood pressure to reach normal after the removal of both kidneys, when 
one or both are ischemic This led Katz and collaborators (223, 226, 349) and 
others (106, 404, 405) to the idea that by counteracting or neutrahzmg the 
pressor substance the normal kidney imght play a part m the ehmiliation 
of the chemical mediator of experimental renal hypertension They beheved 
that the more rapid fall of the blood pressure to the normal level, m the presence 
of normal kidney tissue, as contrasted to the slow fall m its absence, roight 
be due to the excretion, or destruction in mvo, of the pressor substance, by the 
remainmg normal kidney They showed that m an ammal with a ureteral- 
venous fistula on the side of the normal kidney, the removal of the opposite 
ischemic kidney was still followed by rapid (6 hours) fall of the blood pressure to 
normal They concluded that the normal renal tissue destroyed the pressor 
substance, smce otherwise its contmued presence in the bloodstream should 
have kept the blood pressure elevated for a longer penod Dexter and Braun- 
Menendez (78) have demonstrated that the renal threshold for the excretion of 
remn is too high to account for the stabihzmg r61e of the normal kidney Sub- 
sequent studies by GroUman and collaborators (166) have led them to a modifi- 
cation of their ongmal view and the adoption of the idea that the active 
pnnciple derived from kidney tissue is an essential humoral agent, the ab- 
sence of which, m the diseased kidney, results m hypertension They now 
beheve that the admmistration of this pnnciple overcomes the deficiency and 
reheves the hypertension 

The demonstration that renal vem blood from an ischemic dog kidney (129) 
contains much less hypertensmase than renal vein blood from normal kidney has 
thrown hght on the earher experiments of Freeman (116) who found that normal 
dog’s blood can reduce the blood pressure of dogs with experimental renal hy- 
pertension, whereas blood from hsrpertensive dogs has no such effect The 
antipressor effect m this case may have been due to the presence of h}T 5 ertensmase 
m normal blood and its dimmution m the blood of hypertensive animals These 
experiments require confinnation 

Page and collaborators (297, 311, 312, 313) and others who have used identical 
extracts (123, 281) have reported the reduction of artenal blood pressure o 
hypertensive animals and patients by the parenteral (mtramuscular) administra- 
tion of renal extract which contams a substance capable of inhibitmg &e pr^^ 
effect of angiotonm (59) Although Page and cofiaborators (313) have tried 



bekaij OEiaiN or htpebtenbion 


147 


to relate the antipreffior effect of their kidney eictract to the hypertensinase 
content, yet there is little hypertensinaee in It, and Sohales and coUabomtora 
(361) found that this extract gave the same result ivhen its hypertensmase was 
first destroyed Besides, there is no proof that hypertensmase per w is absorbed 
into the blood from an intramuscular injection 
It has been shown that for the antipressor effect of the renal extracts used for 
the treatment of hypertension, hj-pertensinnso is not required Hamson, Qroll 
man and W illiams (185) did not detemune the existence of hypertensinase m 
their extract, but a lou-ering of blood pressure has been reported m the rat, dog 
and even man by the administration of renal extract both orally and mtra 
muBcularly That such effects are caused by renm inhibitor, ns poetulnted by 
Page and collaborators, has not been confirmed 
The possibihty that all the effects on blood pressure by renal extracts, hitherto 
reported, are due to a non specific pyrogemc effect (\nth or without actual 
deration of temperature) of a foreign organic material that produces a local 
and general reaction, has already been suggested (46, 160) Indeed a reduction 
in the ser enty of the local reacbon, as a result of purification, has resulted in a 
reduction of the antipressor effect Schalcs, Stead and Warren (361) observed 
an antipressor effect which was not specific for renal extracts and nttnbuted all 
the effects thej obsened to the local and general reactions which occurred 
They beheve that this mN ahdates any conclusionE about the specifio effect of 
renal extracts The same effect on blood pressure was obtamed when the extract 
contained httle or no hypertensmase, if the local ani systemic reactions to the 
mjecUons occurred The extract that GroUman, Hamson and Williams used 
can hardly be the same ns that of other mvestigntors, because they found that 
the active substance was dialyiable and effeoti\'e by mouth m both man and 
nnunala (174, 179, 180, 432) The eipenmental work on ammals was all done 
on the rat, and has not been confirmed No other mvestigntors have reported 
a lowering of blood pressure in hypertensire mdividuals from the oral admmistra 
tion of renal extracts Goldrmg and Chains (163) failed to observe any favorable 
effect m four hypertensive patients treated with renal extract, given by mouth, 
up to the eqmvalent of 60 kgm of ongmal kidney substance daily 
Page and collaborators insist that they have observed fall of blood pressure 
from renal extract, without accompanymg local or systemic reaction However, 
it has been shown that all the other effects, except ele\ation of temperature, can 
bo produced by the parenteral injection of foreign orgamo substances (46, 160, 
163) The fact that there has been but httic progress m the treatment of hyper 
tension by renal extracts during the past 6 years is m itself on mdication of the 
difficulties mvolvcd, and possibly of the madequacy of the method 
Antirentn Trtaimerd of Hyperiemum by Meant of Parenteral Injedtont of 
Jfenin Because renin is a protein, it was to bo expected that it would be anti 
gemc and that jiarcnteral injection of it would result m the development of an 
antibody m the blood plasma What the properties of such an antiserum would 
bo could not be anticipated, but it was hoped that it would prove to be anti- 
pressor, that IS, antiremn 
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In a senes of studies, Wakerlin and collaborators (217, 414, 418, 419) reported 
that in the serum of rabbits, dogs and guinea pigs, but not the horse, injected 
with remn from vanous species, a substance or prmciple developed which neutral- 
ized the acute pressor effect of an intravenous injection of renin They found 
that if the antiserum was first mixetl with the renin and kept for about 18 hours at 
about 4°C, the mixture lost its pressor effect on the normal dog Normal serum 
did not possess this property The author and collaborators (223a) found sub- 
sequently that at room temperature the reaction between the antiserum and 
remn occurs practically instantaneously and that mcubation for 18 hours is not 
required Wakerhn and collaborators regard this principle as analogous to an 
antibody, antienzyme or antihormone, and suggested for it the name antuemn 
This has now been produced m the rabbit, by the mtramuscular mjection of 
human, hog, cat and dog remn, m the guinea pig, by the mtra-abdommal 
mjection of hog, cat and dog remn, and m normal and renal hypertensive dogs, 
by the mtramuscular mjection of hog and rabbit remn The mjection of heat 
inactivated homologous or heterologous rerun did not mduce the formation of 
antirenm m either normal or h 3 rpertensive dogs (216, 415) Hog hver extract 
failed to produce antirenm m normal or hypertensive dogs 

Antirenm is a protem, but it is neither an enzyme nor a precipitm Even when 
the anturemn titer is high, there is no precipitm m the blood of dogs or gumea 
pigs In the rabbit, in which precipitm responses are more easily obtamed, 
precipitms agamst other plasma proteins are formed m high titer when these 
animals are given repeated mtravenous mjections of remn The serum of these 
ammals still retains its abihty to neutralize remn when the precipitm is removed 
by absorption in mtro Antirenm is precipitated from serum by half saturation 
with ammomum sulphate Antirenm is present m the pseudoglobulm fraction 
of the serum, where the circulatmg antibodies are ordinarily found. This 
fraction was found to contam practically all the antirenm of the onginal serum 
It IS active betiveen a pH of 2 3 to 10 7 but is inactivated at a pH of 1 9 or less 
and 11 0 or more At 0°C and m the frozen state it remains stable for at least 
3 months (223a) Antirenm does not neutrahze the pressor effect of either 
hypertensm (217) or pitmtrm (216) lake antihormones, (401) antirenm is not 
species specific m the neutrahzation of remn, xn mtro, except for antirenm from 
rabbits mduced by the mjection of human remn This specificity is also true 
for antihormones produced m rabbits by the mjection of extracts from human 
tissue Heatmg of the antiserum at OS^C for 10 mmutes does not inactivate the 
antirenm, but the latter is destroyed by heatmg at 75'’C or higher (223a) 

Wakerhn and collaborators were the first to report a fall of blood pressure to 
normal as a result of the repeated mtramuscular mjection of hog remn m hyper- 
tensive dogs They also observed the prevention of hypertension m dogs that 
received similar mjections before the renal arteries were constncted (415, 416) 
Both of these obsen^ations we have confirmed {223a) They found that the 
mtrapentoneal mjection of 40 ml of dog serum contammg a high titer of anti- 
renm to hog remn had no sjiecific effect on the blood pressure of one hypertensive 

dog 



HENAL ORIOm OF HTPERTENHON 


149 


No BigDificont changes have been observed m the ammelH that have developed 
high titers of antirenin in their plasma After a normal or hypertensive animal 
has developed a hi^ titer of antiremn, large doses of homologous or heterologous 
remn may be mjected intravenously mto them without producmg any change in. 
the blood pressure We lia\e mjected mtravenously, m one doee, as much as 
100 dog umta of hog rerun, without any elevation of the blood pressure, m a dog 
with 10 units of antiremn per cubic centimeter of its blood serum The kid- 
neys of rabbits and dogs which had a high titer of antiremn m the blood were 
found to contain normal amounts of rerun (217) 

Wintemlts and collaborators (440) failed to confirm the production of anti- 
renm, and Friedman and collaborators (133) did not observe a fall of blood pres- 
sure m animals that received parenteral mjecbons of remn But the former 
injected the remn mtravenously and the latter probably mjected an insufficient 
amount The author and collaborators also failed to detect the production of 
antmemn m dogs by the mtravenoua injection of 26 umts of hog rerun a day, for 
12 weeks, but, by aubcutancous and mtramuscular rejection of the same amount 
of hog renin, we did succeed in producing antiremn of high titer m the plasma of 
normal and hypertensive dogs We also observed a fall of blood pressure m 
hypertensive dogs and prevented the development of hypertension m dogs by 
repeated subcutaneous rejections of hog remn before the renal arteries were 
constncted The optimum dose was 26 umts of rerun daily 

Wakerlln and collaborators were the first to produce antmemn, yet they now 
consider that they have good evidence that the antiremn is not responsible for 
the prevention of hypertension or the lowermg of the blood pressure m dogs 
with renal hypertension The evidence upon which they repudiate the signif- 
icance of the antmemn is not conclusive One reason given is that highly purj- 
fied hog remn was as effective as partially purified hog renm m stimulating the 
formation of antiremn, but that it was much less effective as an antihyportensive 
agent It is highly probable, however, that this difference was due only to the 
smaller amount of remn mjected Another reason was that m an occasional dog 
mjected mth hog renm inaotitated by heat, a fall in blood pressure was noted 
Not too much significance should be attached to this, because in some untreated 
dogs the blood pressure also returns to a lower level They also found no 
correlation between the antiremn titer and the anUhypertensive effect This 
IS contrary to the results of our own studies Because they did not gi\ e an exact 
detenrunation of the titer of antirenin attorned by them animals, it is difficult 
to moke a dmect comparison between them results and outs The methods of 
assay of antmemn are not comparable Them antiremn titer is based on the 
amount of rerun extracted per gram of renal cortex, which is obviously sub- 
ject to considerable variation. We tatrate the exact amount of antaenin by 
detenmning the number of umts of r enin inactivated by the serum Our dog 
umt of antmenin is the minimum quantity which neutraliies the acute pressor 
effect of 1 dog umt of remn 

The possible appheation of the results obtamed m cnirrmls to the treatment 
of human hypertension is beset with diffioulUes Because homologous renin 
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does not produce antirenin, the injection, of human renm mto hj^ertensive pa- 
tients would be meffective Whether heterologous animal renins which do not 
produce a pressor effect m man would mduce the formation of antiremn is still 
unknown Much more work on this subject is required It has not been given 
adequate attention by other mvestigators 

Non-specific Pressor and Anhpressor Effects In any consideration of the 
renal humoral mechanism, mention must be made of the studies by Bmg and 
collaborators (19, 20, 21) and others (205) which, although they may have no 
direct bearmg on this mechanism, yet mdicate a possible way whereby a pressor 
substance of renal ongm may be formed, or released, under conditions which 
mvohe a disturbance of intrarenal hemodynamics They demonstrated (20) 
by perfusion experiments that an ischemic kidne}'^, but not a normal one, is 
capable, by decarboxylation, of convertmg dihydrox 3 qDhenylalamne (dopa), a 
substance which possesses no pressor properties, mto hydroxjdyramme, which is 
a powerful pressor amine They showed that the amount of hydroxytyramme 
which is formed m the kidney from 1-dopa under conditions of oxygen lack was 
proportional to the reduction of blood flow through the perfused kidney (19) 
They also demonstrated (19) the transformation of dopa mto hydroxytyramme 
m kidney extract under conditions of low oxygen tension But even without 
the addition of 1-dopa the development of a pressor substance has been reported 
merely as a result of anaerobic conditions (407) Liver, spleen, lung and heart 
treated the same way did not develop pressor substances Liver and mtestme 
also contam 1-dopa decarboxylase, yet these organs were unable, even when their 
circulation v,as reduced, to produce hydrox 3 rtyTamme from 1-dopa which was 
added to the blood (19) 

Bmg was also able to shon that partly or completely ischemic cat's kidne 3 rs, 
in mvo, converted 1-dopa, injected mtravenously, mto hydroxytyramme The 
observation of Oster and Soskm (291) that the mtravenous mjection of 1-dopa 
into cats with experimental renal hypertension resulted m a great nse of blood 
pressure, while no rise occurred m normal cats, is of mterest m this connection 
But Bmg and collaborators did not conclude that hydroxytyramme is the cause 
of, or in any n ay directly mvolved m, the pathogenesis of experimental renal or 
human hypertension The same conclusion has been reached about tyramme 
(100, 347, 404) Bmg and collaborators have demonstrated that the two pressor 
substances, hydroxytyramme and hypertensm, are destroyed by different frac- 
tions of renal extract and by different mechanisms It has also been shown that 
renm does not effect the decarboxylation of 1-dopa to convert it to hydroxyty- 
ramme (67) It has been demonstrated that the reduction of the blood flowto the 
kidnej’’ results m a profound alteration of the subsequent chemical events The 
kidney has the capabihty of convertmg the ammo acid, which is itself without 
pressor property, mto a powerful pressor amme which accumulates under anaero- 
bic conditions and results m elevation of blood pressure Pressor ammes are 
rapidly destroyed, however, by oxidative en 2 ymes when the circulation is nor^l 
and aerobic conditions prevail Their work has provided a basis for the hy- 
pothesis that the hypertension which results ftom renal ischemia may be due to 
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dammidjed deamination of certain ammo acids in the kidney and that it may 
poEsibly play an adjuvant or even an important primary part in hypertension in 
some types of animals 

The rvork of Bmg and collaborators baa been tho basis of the attempts (127, 
290, 380) at the treatment of expenmental renal hypertension m rats by means 
of the qumones, and, in hypertensiio dogs, bj a diketone, 1-4-cyolohexnndione 
(288) A lovering of blood pressure ivaa reported, but ne have not been able 
to confirm any of these results by the use of these nmtenals m hypertensive dogs 

Pressor amines certainly exist and produce their effect when rajected in- 
travenously into animals Their deamination requires oxygen The question 
IS whether seme disturhanee in tho Indney may so reduce the available oxygen 
that dearrmation of natural aimnes does not occur and that tho entrance of such 
ammes mto the blood stream results m hypertension There is, as yet, no 
available evidence from the studies on man that this mechanism plays a part m 
human hypertension However, the studies on the treatment of human hyper 
tension with tmine oxidases (866) has not led to an elucidation of this problem 
Schroeder and collaborators (362, 366, 307) found that the parenteral mjeotion 
of tyrosmase, a phenol ondase, reduced the blood pressure m rata and dogs with 
experimental renal hypertension, and m man, with essential hypertension But 
Prmimetal and collabomtors (332) showed that the effect obtnmed by Schroeder 
was not due to tho eniyraatio aatvity of tho tyrosinase, because the extract 
contammg it was also effective when the tyrosinase activity was first destroyed 

The observation that both hypertensm and pepsitensm arc inactivated by an 
ammo-peptidase obtained from yeast has led Croxntto and Croxatto (09) to 
conclude that the hypertensmase activity of renal extract may also be attributed 
to tho eniyme amino-peptidnEe contamed m renal tissue They have also 
shown (66) that the x asoconstnetor effect of hypertensm tested on the perfused 
toad is destroyed ensymatically by the action of amme axidase and tyroeinase 
In our own laboratory, m collaboration with GoUan and Richardson, much work 
has been done on eniymes, from many plants that are capable of inactivatmg 
hypertensin rn mlro It is difficult to make preparations that are not toxic, 
and although antipressor effects have been obtamed m hypertensivo dogs, yet 
It is difficult to estimate how much of the effect was due specifically to the “plant 
hypertensmase” 

The problem whether there is a renal mechanism of hypertension which is 
dependent upon a metabohe fault m the kidney, interfermg with the utDixation 
of melanin like substances and their phonohe precursors, is not yet settled 
Even the poeslbihty that such a mechanism exists m one animal, tho rat, for 
example, and not m other animals, mcludmg man, has not been determined ivith 
certamty 

The effect of diet on experunent al renal bypertcnsion has not been exhaustiv cly 
mvestigated It has been asserted that a hi^ protein (800 g meat daily) diet, 
or 60 g of urea daily, increases the elevated blood pressure m dogs with ex 
pemncntal renal hypertension (269) A diet that produces considerablo gam of 
weight has a similar effect (43) 
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The Significance of the expenments of Calder (40, 41) on the production of 
■hypertension m the rat by a diet deficient in the heat stable fraction of the 
vitamin B complex is of interest His behef is that the hypertension is of 
metabohc ongm and due to di m mished oxidative processes m the kidney This 
work requires confirmation 

The claim for the effectiveness of ascorbic acid m reducing the blood pressure 
■of hypertension m man (75) has not been confirmed (276) This has not been 
tested on h 3 rpertensive animalsi It has been reported that vitamm E has no 
■effect on the blood pressure of dogs with experimental renal hypertension (276) 
This has not been tested on h 3 Tperten 8 ion m man The effect of a special nee 
■diet (231, 232) m lovermg the blood pressure of human hypertensives has not 
been substantiated, and the mechamsm of its action is not clear This has not 
"been tested on hypertensive animals The assertion that large doses of vitamm A 
lower the blood pressure of hypertensive human bemgs (159), rats (169) and 
■dogs (420, 421) has not been substantiated by the same mvestigators (159, 168, 
417), who finally decided that it was not the vitamm A that produced the effect 
{164, 168, 275, 276, 417) because fish body and hver oU still contained the blood 
pressure reduemg substance when the vitamm A was destroyed In fact, 
■GroUman and collaborators (417) found that a highly purified vitamm A con- 
•centrate did not have the hypotensive effect and that the effect was enhanced by 
the oxidation of the fatty acid m effective manne oil The nature and mech- 
amsm of the action of this substance m manne oils is still unknown 

In his most recent pubhcation on this subject, GroUman (165) asserts that a 
number of refined oils denved from marme fishes, when administered oraUy, 
reduce blood pressure in hypertensive rats, dogs and man Tung oil, hut no 
•other oils of vegetable or animal ongm, was also effective m hypertensive animals 
Oxidation, and sapomfication pnor to oxidation, enhanced the activity of some 
of the oils The effect was independent of their ongmal vitamm A content and 
was retamed after the destruction of this vitamm The active pnnciple is 
soluble m water and dialyzable, as m the case of the oraUy effective renal ex- 
tracts (185, 187) with which he is inclmed to consider this identical He states, 
however, that it is still impractical to treat patients because there is no readily 
available source of large amounts of this pnnciple 

It has been reported (282) that vitamm A may ^ect urea and muhn clearances, 
but these authors did not control their expenments by givmg the same product 
with the vutamm A mactivated Vitamm D* given by mouth had no effect on the 
hlood pressure of the rat (38) Another sterol that has no effect on experimental 
renal hypertension m the dog is testosterone (412) 

On the basis of expenments on hypertensive rats, a disequihbnum m sodium 
"balance was noted by GroUman and collaborators (167, 170, 171) which led them 
to test the effect of restnction of sodium mtake on hypertension m the rat and in 
man They noted a lowenng of blood pressure m both The significance of 
these obsen'ations remams to be elucidated 

The most recent contnbution by Shorr, Zweifach and Furchgott (380) on the 
humoral mechanism of shock is of great mterest, but the results must await 
confirmation and elucidation before they can be evaluated The identity o e 
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■VMO-txoitor (VEM) and vnatwieptessor (VDM) substences which they have 
dcscnbed, with the known constituents of the humoral mechanism of renal 
hypertension, cannot be considered as established on the basis of the evidence 
submitted The possible part these substances may play m the mamtenance 
of blood pressure at normal and elevated levels cannot yet be determined from 
the resuls that hav e been published 

A Summary of the SimUantiee Belvoten Human Essenltal and Eipertmsnlol 
JJenal HyperUneton Although Goldnng and Chasis m their evcellent book 
(163) conclude that the weight of the evidence is against the Identity of the 
mechanism m human and experimental renal hypertension, yet it has been shown 
by many investigatora that the latter does faithfully reproduce human essential 
hypertension in many respects In both, the mcreased tension is the result 
of a generalised mcreasa of peripheral vascular resostance of functional (vasos 
pastlo) ongm In experimental renal hypertension, as m human hypertension, 
there may be no significant disturbance of renal excretory function (the benign 
phase) or there may be pronounced renal excretory funobonal disturbance, 
with uremia (the mahgnant phase), dependmg entirely upon the degree of con 
stncbon of the main renal arteries (144) As m human hypertension, so also 
in experimental renal hypertension, cardiac action is mcreased (268), but car 
disc rate, output (204), volume (16), viscosity (297) and peripheral flow of the 
blood (^1), and venous pressure remam unaltered Puhnomo arterial pres 
sure IS not altered in either man or animals, when the hypertension is un 
complicated by left ventncular failure (227, 391), as mdicated by a normal 
nght heart. In both man and animaln hypertension associated with unilateral 
renal disease may be cured by excision of the diseased kidney, provided the other 
la normal (252) Bilnteral nephrectomy docs not result in a rise m blood pressure 
m either man or animal (144) IVith few excepbona, the response to medicinal 
therapeubc measures of great variety is the same in both Sympathectomy, 
partial or extensive, may result m at least a temporary fall of blood pressure in 
human hypertension, yet it does not do so by affeebng the primary cause of the 
hjTiertension, but there is httle or no effect m smrnals that do not stand erect 
Whether this difference is significant caimot be stated with certamty at present 
The fact that, after sympathectomy, the blood pressure returns to the onginal 
high level m a high percentage of the hypertensive pabenta also favors the idea 
of a renal humoral mechanism m which the effeebve vasoconstrictor substance is 
presumed to act directly on the musculature of the penpheral arterioles, and not 
by way of the vasomotor nerves This is m keeping with the conclusions of 
Pnnimetal and Wilson (337) imd of Pickermg (320) The frequent fall of blood 
pressure m the late stage of pregnancy m animeis with experimental renal hy- 
pertension (58, 77, 86, 87, 111, 292) remains as unexplamed as does a similar fall 
which has been observed by many obstetriaana in some hypertenerve pregnant 
women. The observation of polydypeia and polyuria, m rats with experimental 
renal hypertension (289), has not been omphasiied m human hypertension and 
has not been observed m hypertenrive dogs, but the diuretic effect of remn 
injected mtravenously mto anunals has been menboned (272) This should 
be mvestigated further 
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Renal blood flow is reduced m most cases of human h3T)ortension (135, 154 
384) and m experimental renal hypertension (306) m animals The mdirect 
studies (136, 164, 384) of blood flow through the kidney in man do not dem- 
onstrate clearly the primary effect of the sclerosis of the afferent artenoles, 
because the vasospasm of etTcrent artenoles which results m high glomerular 
filtration fraction tends to mask it Interestingly enough, although the mter- 
ference ivith afferent flow is definite, m the animals, and obviously brought about 
by constnction of the mam renal artery, yet the same indirect signs of efferent 
vasospasm and high glomerular filtration fraction occur m the hypertensive 
animals In both, the latter effects may be due to the humoral mechamsm of 
renal origm In both man and animals the h3TDertension may or may not be 
accompanied by disturbance of renal excretory function An mcrease m the 
concentration of guamdme m the blood of animals (49, 61) and man (260, 261), 
in the mahgnant phase of h3T3ertension, has been demonstrated, but it has httle 
or no significance with relation to the hypertension, because it occurs also m 
bilaterally nephrectomized ammals that have the azotemia but not the hyper- 
tension (80). The presence of renm has been demonstrated m the renal venous 
blood of ischermc kidne3rs of man and animals Although remn has been dem- 
onstrated m the S3^mic blood of recently hypertensive dogs (215), and man 
wuth hypertension duo to acute glomerulonephritis, yet the failure to demonstrate 
it m the systermc blood of dogs mth long standmg renal hypertension and patients 
with bemgn essential hypertension may be only because the amount of blood used 
for the tests has been madequate and the methods have lacked sensitivity 
Whether the humoral mechamsm is effective only m the relatively acute stages of 
hypertension, or whether m the later stages, as has been suggested (39, 285 ), 
there is a greatly mcreased sensitivity to hypertensm, remains to bo determined 
These matters deserve much more study In the bemgn phase of hypertension, 
m both man and animals, cardiac hypertrophy develops, affectmg mainly the 
left ventncle, and medial hypertrophy of the artenal vessels also occurs in both 
(252) In the mahgnant phase, in both, there are the identical typical vascular 
lesions, artenolar necrosis, fibnnoid degeneration and necrotizing arteriolitis 
(147) As in human, so also m experimental renal hypertension, the level of 
blood pressure tends to go to a higher level in hypertensive animals which gam 
v eight (43), but a high protem diet or the ingestion of a large amount of urea has 
not been found to mcrease the blood pressure of hypertensive dogs (183) Al- 
though the elevated systoho blood pressure of hyperthyroidism is relieved by 
thyroidectomy, yet it is doubtful that any of the known endoenne organs plays a 
primary part m either essential h3perten8ion associated with vascular disease, 
in man, or m experimental renal hypertension m animals There are definite 
indications that the adrenal cortical horpiones may play a secondary part in the 
development and mamtenance of experimental renal and human essential hvper- 
tension (86, 126, 128, 318, 319, 342) 

It would be remarkable mdeed if, despite all these close sumlantics between 
human essential hypertension, associated with vascular disease, and a tj'pe of 
expenmental hypertension that is obnously' of renal ongin, the former would 
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not prove to be of renal origin In the event that the renal origin of this form 
of human hypertension should become established, it would still be necessary 
to determine the cause of the arterial and artenolar eolerosifl which, when it 
affects the kidneys to a sufficient degree, Imtiates the humoral mechanism of 
the hypertension It is still a fascinating subject for mvestigntion and much 
remains to be done * 

•Recftntly there was published a traoslatioQ in Engliih, by Doxter, of the book on 
Renal Hypertension by Braon Menendei and coUaboratora (37a) In the prologue, 
Housaay baf written, 'In the olinio, the exiatoneo of hypertension from renal isebemia 
tinular to experimental renal bypertension baa not only been demonstrated but the by 
pertension has been cured by removal of the dieeaaed Iddney in some oases of unilateral 
renal disease 
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Concepii Conctmtng Peon Views about the nature of pain haie vaned, 
but from Aristotle to relabvely recent times there has been general agreement 
on one major issue, namely, that pam Is a "passion of the soul", a feeling state, 
or a “quale”, and not a specific sensation Such a \uew was supported by 
thou^tful workers in mneteenth century Germany, England and Amenca (1) 

As recently as the turn of the twentieth century it was still considered debat- 
able whether pain is mdeed a sensation or cxolusively a feeling reaction akin, 
but opposite, to that of pleasure He following is representative of the pre 
vailing view of that period " that pam is not a sensation but a form of feel 
ing, that it is not to be classed with the sensations of touch, or temperature, or 
heat, that it does not have peripheral end organs, and that there are no nerves 
m enstence which, on untabon alone, produce pam, that there is no such thing 
as a pam tract ” (2) 

However, there has been a gradual change m this concepbon and the basis 
for modifying this earlier view is briefly summamed m the foUowmg para 
graphs 

1 Blix (3), Goldschelder (4) and von Frey (5) noted that when the skm is 
explored with sbff hairs, pam alone may be ehcated from certam areas The 
structures stimulated have been identified by WooUard, Weddell and Harp- 
mann (0) who demonstrated that cutaneous pam is subserved by the finer 
medullated and non meduUated nerv'e fibres bearing free endmgs These 
fibres and endings are specific and are arranged m a pleiiform mterlocking 
manner Weddell (7, 8) in order to detennme the neurohistology of skm from 
which pam alone could be evoked, outlined the pattern of sensory loss m a pa 
bent with a sciatic nerve lesion The area from which pam could not be aroused 
was smallor than that from which touch could not be aroused, and this in turn 
was smaller than the areas over which temperature sensibility had been lost 
A piece of skm 2 by 3 cm was stamed and removed from a zone In part of which 
pam only could bo aroused and m part of which pain and touch could bo evoked 
In the area from which pam alone could be ehated, fine nerve fibres were seen 
giving rise to superficial nerve nets, no thick nerve fibres or orgamsed endmgs 
were seen. On the other hand, m the area of akm m which both pam and touch 
could be evoked, the cutaneous nerve plexus was seen, together with thick 
nerve fibres endmg around hairs and thinner fibres givmg nse to superficial 
nerve nets 

Tower (9) mtroduced the useful concept of the "sensory imit” as contrasted 
With the single afferent nerve endmg She has made it seem likely that a 
"sensory umt" consists of many nerve endmgs, all branches of a single fibre, 
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connected with a single cell m the dorsal root ganghon An area of skin (12) or 
cornea (9) of about a centimeter m diameter is said to be supphed by such a single 
unit and it is concavable that larger umts exist Many pain fibres supply over- 
lapping “sensory units” to a given area, although there is no connection between 
the endings of different fibre umts It would thus seem likely that the painful 
spot expenenced as such when an area of normal skm is ejqiosed to noxious 
stimulation is a centrally integrated experience projected onto the periphery 
for the specific purpose of localization The “skm spot” is, so to speak, a 
“mmd spot” 

2 An answer to the question as to whether pam is a specific sensation or 
whether it results from overstimulation of fibres servung other sensations, such 
as touch or warmth, is the demonstration m patients (10), that pam alone and 
no other sensation may be lost m limited regions of the body as a result of acci-' 
dental injury of the spmal cord Also, after surgical transection of the spmo- 
thalamic pathways, pam alone may be absent m cucumscnbed regions without 
associated loss of temperature or touch (11) 

Moreover, it has been demonstrated by Adrian, Cattell and Hoagland (12) 
and by CatteU and Hoagland (13) that mtensive stimulation of tactile end 
organs up to the capacity of the correspondmg nerve fibres to conduct does not 
ehcit evidences of pain 

3 Further mdication that pam is a specific sensory expenence with its own 
neural structures and properties has been afforded by the analysis of the action 
of certam analgeac drugs These agents were capable of specifically raismg 
the threshold of pam from 35 to 80 per cent above the control level while they 
lowered or left unaltered the threshold for the perception of touch, hearing, 
smell, two pomt discnmmation and the perception of vibration It has been 
observed that acetylsahcyhc acid actually lowers the threshold for warmth 
(14, 15, 16, 17) 

4 There is evidence to mdicate that certam structures are equipped for and 
give nse to the sensation of pam only The teeth, the middle menmgeal artery 
and the arteries at the base of the bram and at least some of the scalp artenes, 
such as the temporal artery, seem to be equipped with afferent fibres which, 
as far as consciousness is concerned, conduct only those impulses which result 
m pam (18) However, at least one other sensation, i e , cold, and posSibly 
touch as well as pam can be ehcited by suitable stimulation of the cornea (19) 

On the other hand, there are certam areas m the body from which pam can- 
not be ehcited, for example, the parenchyma of the bram (18) Also, such an 
area is found on the inside of the cheek opposite the second lower molar (20) 
In short, it is necessary to infer from the evidence that the pam expenence is 
first a sensation denved from noxious impulses traversing specific pathwajrs 
Such phenomena may be followed by the famihar and predictable feeling states 
and other reactions 

Neural Structures Involved in the Conduction of Noxvnis Impulses Giving 
Rise to Pam All fibres canymg noxious impulses expenenced as pam enter 
the spmal cord or bram stem through the dorsal root ganglia The superficial 
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peon impulses are usually conveyed by the somatic nerves and enter the cord more 
or leas directly through the dorsal roots Deep pam unpulses may approach the 
central nervous system in a number of ways some are conveyed by pain fibres 
■which attach themselves to blood ■veBsels part of the way and then jom auto- 
nomic nerves, other deep pam fibres from their very beginnmgs are closely 
associated with autonomic nerves and remam so affiliated until relatively near 
the cord, and stall other deep pam fibres jom with somatic nerves The couree 
they assume m approaching the doreal root ganglia is irrelevant to a considera- 
tion of the quality of pam or the reflexes aroused (21, 22, 23, 24, 26, 26, 27, 28) 

Althou^ pam endmgs are usually naked and umyehnated, with or "without 
shghtly swollen twigs, there is no uniformity about the sixo of fibres which con 
duct noiioua impulses to the cord and brain, ffibrea conducting pam impulses 
may be rou^y grouped as regiirda speed of conduction of impulses mto slow and 
rapid, involvmg respectively small and largo calibre fibres (29, 30) It has been 
ehown by Gasser (30) that the gamut of sise m'volved m the conduction of nox- 
ious impulses giving nse to pam is wide, spreadmg from the ■very smallest to 
large cahbre fibres. 

After entering the cord aU noiioos impulses are convoyed across to the op- 
posite side where their pathways are localiied in the anterolateral portion of 
the spinal cord The fibres of the spmothalaimo tract pass mto the nucleus 
eentriUs postenor of the thalamus They do not terminate m any of the ad 
jacent nuclei nor go mto the antenor portion of the thalamus. The cortical 
projection from the nucleus centralis postenor is predominantly to the post- 
central convolution There is in this projection a definite topical organisation 
so that those fibres from the medial portion of the nucleuB (cephalad parts of 
the body) end m the lower part of the gyrus, those from the lateral portion 
(caudad parts of the body) in the paracentral region, and those from the rmddle, 
m the mtennediate region 

It IS probable that the brain structures mvolved m pam perception occur m 
both cerebral hemiipheres m the region of the central fissure (81, 31a, 32) Com 
plete hemianalgesia is rare after destruction of fibres m either hemisphere More 
specifically, pam from the face seems to have both homolateral and contralateral 
cortical representation so that unilateral hemispherectomy does not result in 
analgesia of the face Although the thalamus is imjmrtant m the mtcgration 
of neural activity having to do "with pain, the cortex is essential to discmnlnatioiis 
mvolving locahsation and mtensity Excision of a smail portion of the left 
post-central cortex has resulted m ehmmation of phantom hmb pam for a period 
exceeding 4 years (32a) That there is also mid-brain sensory integration is 
suggested by the survival of pam sensation after destruction of the fibres entermg 
the thalamus and cortex. 

QuoJides of Pam and Them Significance For purpoee of gross classification 
superficml and deep pain are recogmied Pain resulting from noxious impulses 
ongmating on the surface or euperficiaily has a pnclong, bnght, burning, itchmg 
quahty, and is highiy localisable It commonly incites action such as fi^t or 
flight Pam resulting from deep noxious impulses is a deeper, diffuse pain. 
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has an aching quahty and locahzation is less precise It often induces nausea, 
sometimes fall m blood pressure, prostration and syncope and usually causes 
the a n imal to seek protection m withdrawal, inactivity and rest There are 
nunor differences m the deep pam from muscle, web and arteiy Structures 
of endodennal ongm are said to be relatively poorly supphed with pam fibres 
as compared with those of mesodermal or ectodermal ongm (26) 

Man’s abihty to expenence pam is not essential to a smtable biological ad- 
justment Persons congemtally without the abihty to expenence pam ade- 
quately adjust themselves to their environment, as do persons who have had 
pam pathways Bjirgically mtemipted (33, 34) Alarm or defense reactions may 
be mitiated by any stimulus if that stimulus has been previously associated 
ivith mjunes, dangerous threat situations or frustrations As a matter of fact, 
the bulk of such reactions mvolved m common expenence are mitiated by non- 
pamful stimuh Pam is an accessory though important and final waimng 
of the immmence of tissue damage 

On the other hand, persons cntically ill, as with terminal neoplastic disease, 
and those gravely mjured do not mevitably expenence mtense pam Indeed, 
the mtenaty of pam is not directly proportional to the extent or senousness 
of tissue damage In a combat zone dunng World War II Beecher (35) ques- 
tioned 215 recently wounded men concemmg the mtensity of the pam they 
were expenencmg These men had sustamed extensive soft tissue mjunes, 
compound fractures or penetratmg wounds of the head, chest or abdomen, 
but were mentally clear Only twenty-four per cent had “bad pam’’ whereas 
the remainder had moderate, shght or no pam 

Pam Threshold Pam is best investigated m consraous man, otherwise its 
study resolves itself mto an analysis of reactions Hence, at the outset a funda- 
mental distmction must be made, namely, between the perception of pam and 
its associated reactions A startmg pomt for a quantitative analysis of pam 
perception can be made by definmg the pam threshold and by ascertammg its 
properties, and how it can be modified (36, 37) 

The pam threshold sensation may be defined as the lowest perceptible mten- 
sity of pam The pam threshold stimulus is that amount of stimulus required 
to mduce threshold pam and may for convemence be expressed m standard 
physical terms In accordance with common usage the pam threshold is con- 
sidered to be raised when more stimulus is required to mduce threshold pam, 
conversely, when less stimulus is required the pam threshold is said to be low- 
ered Pam IS umque m that many methods of stimulation can evoke it Both 
superficial and deep pam can be ehcited by thermal, electrical, mechamcal and 
chemical stimuh It is only necessary to choose a stimulus, the strength of which 
can be controlled and measured, which will allow a clearly definable end pomt 
of perception, and one which wall not of itself mtroduce excessive vanability 
mto the observation 

For the establishment of the threshold of pam the verbal report of an 
instructed subject is the most rehable evidence A verbal report of an end- 
pomt has been successfully used m the researches on other sensations and m 
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studies on cutaneous pain has juelded reproducible data Muscle twitch, blink 
ing, withdrawal or any simdor response indicating reaction to pain should be 
noted together with, but independently of, the verbal report of the pain threshold 
of a human being 

1 Methods Ivy and his colleagues have considered ail the methods that have 
been used for measuring the pain threshold and have listed a complete biblio- 
graphy (38) Many methods for ascertaining the pain threshold have produced 
data which have been (hfficult of mterpretation This is possibly because of 
a) the failure to establish a known relationship between the quantity measured 
as the stimulus and the amount of pain prodncmg disturbance m the environ 
ment of the ptdn endmgs, and b) the fact that reaction to n noxious stimulus 
IS often confused with perception of threshold pam ^ 

For example, in electncal stimulation of the teeth the amperage, voltage, 
frequency and resistance m the circuit are all of importance m mduomg pain 
Measurement of one of these quantities as the pam threshold might be expected 
to lead, because of its mdirect relationship to the amount of disturbance m the 
environment of the pam endmgs, to considerable vnnabihty Indeed, this has 
been found to be the case tor this method of mveetigatmg pam threshold by 
Ivy et al, by Roth and Beitmon and by Robertson, QoodeH and Wolff (38, 
39, 40, 41) These same general cnticisma also hold for the mechanical methods 
tor ehdtmg pain, such as measuring the pressure required to evoke pam hr the 
esophagus, the gut, or In the skm (42) 

Chapman and Jones (42) measured the pressure required to mdnee pain m 
the esophagus by distention, and Hamson and Bigelow (43) also studymg deep 
pam measured the pomt at which pain occurred in workmg ischeimo muscles 
of the forearm 

Other mvestigators, notably Libman (44) and later Hollander (46) whose 
ini estigabons were directed toward estimation of the threshold for pam per- 
ception actually tested reactivity Libman exerted pressure with his thumb 
upon the styloid processes of human subjects and found that prise Caters, 
Negroes and American Indians ns groups failed to react to such noxious stimu- 
lation of mtanrity great enough to mduce a reaction of discomfort m the average 
white aty dweller 

Hollander’s instrument was n rough, metal grater incorporated in a sphygmo- 
manometer cuff He inflated the cuff and noted the pressure at which the sub- 
ject winced He, as did Libman, reported that relatively stoical people have 
a high threshold for reactmg to noxious stimulation 

In spite of the above mentioned quantitative end conceptual inadequacies 
of many methods for studying pam threshold they have contributed much to 
the general body of information concerrang the pam experience Any senous 
consideration of the nature of pam sensation must take fuli account of the data 
derived by these methods 

Barett and his coUeagues have demonstrated that all sensation ehcited by 
heatmg the surface of the skm is the direct result of the change m the thermal 
gradients near the skm surface (49) Also, it has been demonstrated that the 
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change m the thennal gradients in the skm is directly proportional to the inten- 
sity of the thennal energy brought to bear upon the skin (47), thereby demon- 
strating that this quantity, measured as the stimiJus, is duectlj proportional 
to the algesic, that is, the amoimt of pam producing disturbance at the pam 
endmg This stimulus can be expressed quantitatively m gram calo- 
nes/second/cm * Therefore, to measure the threshold of cutaneous pam the 
thermal irradiation of the skin has proved to be satisfactory and by this method 
both pnckmg and a burnmg pam threshold can be ascertamed (37, 48) For 
most experimental purposes, a pnckmg pam threshold is more convenient 
Most of the observations on cutaneous pam considered below are m terms of 
pnckmg pam threshold. 

2 UmformUy of the Cutaneous Pam Threshold in Man It was observed 
that successive observations of the prickmg pam threshold on the forehead of a 
smgle mdividual could be reproduced withm ±3 per cent (thermal irradiation 
method) The pam thresholds for a group of 200 mdividuals were thus measured 
(49) They were found to require the same mtensity of stimulus to evoke pain, 
that IS, 0 218 gram calones/second/cm ®with a standard deviation of ±5 per cent, 
maximum variation of ±15 per cent The group of 200 mcluded mdividuals of 
both sexes from ten to eighty years of age 

In order to ascertam whether pam threshold vanes with the emotional states 
of the subjects, measurements were made m three mdividuals at the same tune 
each day over a penod of several months Immediately precedmg the measure- 
ment each day, the subjects recorded a statement of then- estimated general 
effectiveness and mood Although durmg this penod these estimates showed 
wide vanation, the pam threshold measured m these subjects did not vary be- 
yond normal limits nor consistently with the general effectiveness or the emo- 
tional state Also, throughout a twenty-four hour penod of enforced wake- 
fulness the pam thresholds were uniform and normal (49) 

From these data it is mferred that the pam threshold m man is relatively 
stable and uniform when measured m the manner descnbed Furthermore, 
it IS independent of age, sex, vanous emotional states and fatigue, and the time 
of day withm the lumts of the abihty of the subject to mamtam proper atten- 
tion (37, 49) 

Factors Which Influence Measurement of Cutaneous Pain Threshold in Man 
Havmg established the conditions for the umfoimity of the pam threshold, 
the factors that alter it may be considered These may be roughly classified 
as physical, ph 3 rEiologicaI, chemical and psychological 

The several physical factors which were observed to affect the pam threshold 
sire those that vary the rate of heat loss from the skm Also, the thickness of 
the skm (calluses) and the skm temperature, alter the amount of energy re- 
quired to ehcit pam Variations m the mtensity of stimulus required to elicit 
threshold pam on different parts of the same body may be accounted for by 
these factors To elumnate these physical factors most tests were made on 
the forehead because the skin temperature of the forehead and the thickness 
of its skin are uniform from person to person Startmg with the penphery 
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it is evident that two effects may be expected from the penphoral endings 
lEspondble for pam The threshold may be lowered by traumatic deformation, 
denudement or mjury of tissues near these endings There is experimental 
evidence that the pain threshold may be lowered as much as fifty per cent m 
sunburned skm (60) Other eipenments show that by local anesthetiiation 
the threshold can be greatly raised or even obhterated Obviously, blockmg 
or cuttmg through a nerve fibre prevents it from carrymg any impulses 

When a peripheral nerve is slightly mjored, as by sustained pressure, a pin 
pnck administered with constant force may feel less sharp, although the pnclong 
pain threshold m the area of skm supplied by that nerve may be normal. How 
ever, if the nerve injury be suffiaently great, not only do pm pricks feel less sharp, 
but the pncldng pam threshold, as ascertamed by the radiation technique, 
is raised. 

A raised pam threshold was observed m hypoalgesic areas of skm m patients 
with syrmgomyelia and damage of the spinothalamic tracts A stimulus 
strong enou^ to cause blistering iras sometimea required to evoke pain In 
patients with lemons in the region of the mternal capsule, elevated pam 
thresholds were also observed m the mvolved areas of skm, where pm pnck 
felt leas sharp Furthermore, in patients with so-called central pam and lesions 
near the thalamus, with burnmg sensation and other paresthesias associated 
with the complamt that pm pnck felt sharper than normal, the pam threshold 
m the mvolved painful area was usually elevated and never depressed (37, 48) 

Also, there are other factors that may change the level of the pain threshold 
(37) Distraction, suggestion and hypnosis have been demonstrated to raise 
the pam threshold as much as thirty five per cent. It is also observed that 
cortam persons, during periods of fatigue, lethargy, suggestibihty, prejudice 
or anxiety were unable to focus on the procedure or to maintain an objective 
attitude tow ard the sensation In such persona the pam threshold vaned greatly 
and was unpredictable In the assay of analgesic agents, the attitudes and at 
tention of the subject became espeaally Important Entirely different measure- 
ments of pam threshold were obtamod depending on the abihty of the subject 
to give attention to the assay In a suggestible or prejudiced subject placebos 
sigmficantly raised the pain threshold, whereas ordinarily effective amounts 
of analgesics produced minimal pain threshold raising effect (61) 

It has long been known that “of two pains occurring together, not m the same 
part of the body, the stronger weakens the other” (Hippocrates) A corollary 
of this ancient observation is the experimental demonstration of a raised pain 
threshold in persons expenencmg pam spontaneously or with pam expen 
mentally mduced Gammon and Starr (62), althou^ they were concerned 
with the effects on mtensity of sustsmed pain rather than on pam threshold 
made similar observations According to these authors the mtensity of sus- 
tained deep pam induced by the subcutaneous rejection of ten per cent sodium 
chlonde mto the arm is appreciably, though temporarily, reduced by stimu 
lation of the skm adjacent to the area of pam The mtensity of pain was modi- 
fied not only immediatel} after the application of the counter irritant, but agam 
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uninediately after it had been -withdraiMi In pain due to ointments apphed 
on the skm, only cold apphed to the painful areas reduced its intensity 

Effects of Analgesics on Pam Perception Predictable effects as regards ele- 
vation of pam threshold vere obtamed vuth a vanety of analgesic agents (14, 
16, 17, 53, 54, 65, 56, 57, 58, 59) Also, maximal analgesic effects were achieved 
by given amoimts of a drug and larger amounts withm pharmacological limits 
produced no further threshold raismg effect (14, 15, 59) However, as one ap- 
proached narcosis followmg very large amounts of an analgesic agent, further 
threshold elevation w as achieved (69). With smaller amounts, the effect on the 
pam threshold was proportional to the amount Each of the drugs studied had 
its own maximal or ceihng amount which produced the maximal threshold raismg 
effect Furthermore, analgesics acted on pam with approximately the same 
effectiveness whether the noxious stimuh were conducted by smaller or by larger 
fibres (48, 59) 

To ascertam whether these generalizations concemmg threshold-raismg effects 
are vahd for deep pam as well as for cutaneous pam, Harrison and Bigelow (43) 
used a modification of Lewis’ method for mducmg deep pam (26) By re- 
peatedly clenchmg the fist at the rate of once per second, after establishmg 
asphyxial block by means of a hgature about the upper arm, a predictable number 
of contractions could be established as the threshold for pam It was observed 
that the number of contractions of the hand necessary to mduce pam was m- 
creased after analgesics In terms of percentage, the effect approximated 
that for the cutaneous pam threshold obtamed by the radiation technique 
Thus, the aforementioned generalizations concemmg the action of analgesics 
are vahd for both cutaneous and deep pam Moreover, there exists no satis- 
factory evidence to support the view that one or another analgesic agent is de- 
pendent for its effects upon the type or the source of pam 

Experiments were performed to ascertam whether there be a quantitative 
relationship between the change m pam threshold resultmg from the action 
of an analgesic and the mtensity of pam produced by standard stimuli well 
above the threshold (60) (see next section) It was observed that after the 
admmistration of a threshold-raismg agent, the estimation of experimentally 
mduced pam is stnkmgly modified Thus, when the pam threshold is raised 
approximately forty per cent, stimuh which previously mduced pam of three 
plus mtensity are no longer painful, and those stimuh that normally mduce 
pam of seven to ei^t plus mtensity mduce pam of three to four plus mtensity 

Quantitative study of the effect of an analgesic agent m reduemg the mtensity 
of the spontaneous pain of disease is just begmnmg This important question 
has not been approached hitherto because of lack of experimental methods, 
and because deductions regardmg analgesic action have been made laigely from 
the agent’s effects upon the pam threshold of normal subjects Some of the 
difficulties of mterpreting these data m terms of the individual m pain have 
been pomted out above 

It has long been known that pam is a powerful antagomst of morphme action, 
and it has been demonstrated that prolonged pam dimmishes or obhterates 
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the threshold raising action of morphine (14) Depending on the time the pam 
fill experience was experimentally mtroduced m terms of the curve of threshold 
raising effect of the morphine, a greater or lesser degree of disturbance 
In threshold raismg action was observed Thus, if a pam of a given mtensity 
and duration was experienced in the course of the action of an analgesic agent, 
it modified the threshold raismg effect but httle If it was experienced early 
in the courao, a gross reduction of threshold raising effect was observed Despite 
the fact that there was relatively httle elevation of pain threshold under the 
latter taroumstances, the suhjecta seemed to be indifferent to the occurrence 
of pam Althou^ jiam may be recogmicd ns such, the mdividuul seems to 
loee his anxiety and other reactions that usually accompany pam perception 
It would appear, then, that with morphme one can demonstrate tho distmction 
between pam perception and pam reaction. 

The Diecrtmmalion of Inlcnstly of Pmn A new approach to tho study of 
the pain expenence has been made m attempts to evaluate the mtensity of 
pam above the pam threshold and to correlate this evaluation with tho mtensity 
of the evokmg stimulus Experiments of thm nature on other sensations, par 
ticularly visioii, heanng and heat, have been earned out and have added much 
to the underatandmg of tho sensory mechanism mvolved (00, 61, 02, 63, 64, 
05) 

The abihty to disorimmate small differences in mtensit} of painful stimuli 
has been mvestigated by means of the thermal radiation method (60) This 
discmnmation was studied m the mtensity range from the pain threehold (218 
milhcalones/seo /cm.*) to mtonsitiea of more than twice this value (480 milli 
caloncs/8ec,/cm.*) It was found that from the pain threshold to forty five 
per cent above, It was possible to disUnguish differencee m mtensity of painful 
stimuh of ±4 per cent of the threshold stimulus As the mtensity of pamful 
stimulus was mcreased beyond 346 millicalones/sec /cm * this keen discnmi 
nation gradually diminished, IrVith intensities of 480 milhcalonea/Bec /cm ’, 
i e , more than twice that of the pain threshold, differentiation for higher m 
tenmbes ivaa no longer possible Between threshold stimulus and the stimulus 
beyond which no further disonmination was possible 0 ® , the highest intensity 
of pam which can be porcelied), approximately twentymne just noticeable 
differences of pam mtensitj could be distmguished With the higher inten- 
sities of stimulus tissue damage occurred. 

In this connection it is important to pomt out the fine disonmination possible 
for pam sensation, i.e , twenty-one discnmmable steps for a two-fold mcrease 
in stimulus mtensity In contrast, tho range of energy required to elicit a skin 
sensation by thermal stimulation begumlng at the threshold of temperature 
or warmth sensation and ascending to the pam threshold is ns one is to 2000 
(03) There appear to be only about nmoty steps of mtensity of sensation 
diatmguishable between warmth threshold and the onset of pam Also, tho 
energy range for vision from tho threshold to the dasile pomt is ns one is to ten 
billion and there arc only 672 distmguishable steps m this enormous range (06) 

Certain mdinduals commonlj overestimate the intensitj of spontaneously 
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occurring or ejqpenmentally induced pain, but many of these individuals are 
able, when given a standard painful stimulus, to distmguish vanous levels of 
intensity Although there are some persons who are untrustworthy witnesses 
of pam mtensity, they are identified by their overreaction to non-noxious stimuh 
and then anxiety concerning or prejudice toward the experimental procedure 
Evidence Concerning Spatial Summation for Cutaneous Pain There are two 
aspects of spatial summation The first which has been reported for vision (61) 
and for heat sense (62) is that the mtensity of sensation from a fixed mtensity 
of stimulus mcreases or decreases with decrease or mcrease m the size of the area 
stimulated Although experience mdicates that noxious impulses may summate 
imder certam circumstances there is at present no quantitative evidence on this 
pomt for pain sensation The second aspect of spatial summation which has 
been demonstrated for vision (61) and for cutaneous temperature sensation 
(62) is that the sensory threshold is decreased or mcreased as the size of the area 
stimulated is mcreased or decreased The usual explanation of this effect is 
that the sub-threshold impulses from separate end organs are summated m the 
central nervous system to produce a sensation (35) The significance of spatial 
summation to the body economy is that it provides extreme sensitivity, thereby 
permittmg sensation to be evoked by mmute changes m the environment For 
example, vision is stimulated by as httle as fifty-eight quanta of energy when 
the entire eye is dlummated, and warmth sense is evoked by a rise m skin temper- 
ature of 0 0008° C/sec when the entire body surface is stimulated (62) 

That spatial summation does not occur when the number of noxious impulses 
ongmating m the penphery is greatly mcreased above the control pam threshold 
level was demonstrated by the fact that morphme had the same threshold raismg 
effect whether measured m small or m large areas of skm 
For the study of cutaneous pam threshold it was of importance to ascertam 
whether pam sense exhibited the phenomena of spatial summation It was 
observed that withm the limits of apphcation of the method, the pam threshold 
for normally mnervated skin was dependent alone upon the strength of the 
stimulus and not upon the size of the area stimulated, i e , it was mdependent of 
the number of end organs stimulated (36) 

Measurements of pam threshold by the radiation techmque for areas of skm 
0 3 cm * m size and smaller show an mcrease m the pam threshold as the area 
IS decreased This would appear to be evidence of spatial summation of cu- 
taneous pam but careful measurements have shown that due to diffraction 
and thermal conduction m the skm, the mcrease m skm temperature produced 
m such small areas by a specified mtensity of radiation is not as great as m larger 
areas That is, the hmit for comparison of area for the radiation technique is 
approximately 0 3 cm * and the apparent spatial summation is actually a measure 
of the progressive failure of the radiation to raise the skm temperature m such 
small skin areas This artefact demonstrates the importance of establishmg 
a known relationship between the quantity measured as the stimulus and its 
pam evokmg action 

Another apparent exception to the concept of non-spatial summation is pre- 
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Bented by Bubjecta who had the number of pam endings in the tissue studied 
greatly reduced ns a result of sensory root Boction Tbus, in the case of a patient 
who had his seventh and eighth cervical roots sectioned, the pain threshold 
was average and uniform on the lateral or normally innervated Bide of the hand 
It was distinctly elevated on the medial portion or that supphed by the sectioned 
roots The pam threshold rose abruptly as it approached the most medial 
portion of the hand and fingers It Is conceivable that the elevated pam 
threshold m the margm of the nervo-freo region is the result of an inadequate 
density of pam endmgs m the tissue It is, however, more likely that the per- 
ception of any pam m this area was due to a defect m the method of study, 
m that the strong thermal stimulus was actually stimulatmg distant pain endings 
m the mtact portion of the hand throu^ poorly conductmg skm tissue 
The importance of the lack of spatial summatiQn is twofold first, it dis 
tinguishes cutaneous pam physiologically from cutaneous temperature sense, 
secondly, it imphes that the mtensity of a pain is dependent upon the intensity 
of the sUmulus and not upon the ana of the area involved, although the total 
distress to the mdividiial is dependent both upon the mtensity of the stimulus 
and the sue of the painful area and other factors (30, 60) 

Moreover, associated with this lack of spatial summabon for pam the range 
of sbmuh for producmg pom up to the pomt of tissue damage is small (60) 
It has been repeatedly domcHistrated on the skm that a stimulus twice the 
pam threshold value causes tissue destruction In contrast with this is the 
wide range of sUmuh between the threshold for warmth and the pam threshold 
It was menboned that the range of stimulus energy from the excitation threshold 
of warmth or temperature sensations up to the pam threshold is as 2000 is to 
one (02, 63) Here spatial summabon is of the utmost importance for onenta 
bon, and permits a wide margm for discnminabve acbons of aggression and dc 
fence. Tbrou^ pain the organism is warned of the imminence of bssue damage 
There is no need in the body economy for a wide range of experience between 
the onset of pom and bssue damage smee with the first pain impulses the organ- 
ism receii-ca warning that the limit of safety has already boon passed On the 
other hand, lack of spatial summabon of pam provides that the organism will 
not be overwhelmed by noxious impulses and so prei’cnted from effective action 
Two Typu of Cutaneous Pain The earhest mention of the view that there 
ate two types of cutaneous pam was made by Gad and Goldsheider m 1892 (67) 
Since then the double nature of cutaneous pam has been repeatedly explored 
and although investigators differ concerning whether or not there are two 
quahbes of cutaneous pam or merely vonahons of one, all are agreed as to the 
Terence m speed of percepbon WooUard, Weddell and Harpman (6), Bormg 
(08) and more recently Bigelow, Hamson, Goodell and Wolff (48) are of the 
opinion that two quahbes of pain are mvolved Lewis (26) and Gasser (30) 
are less convinced of differences m quahty of sensation but find the difference 
m the speed of perception of special mtercst Accordmg to Bigelow, Hamson, 
Goodell and Wolff (48), one typo of pain is abrupt in onset and has a pricking 
quahU which qiuckly terminates, the other tjqxi is slow in onset, never reaches 
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an abrupt or pnclong climax and more slowly recedes The latter pam has a 
bummg quality whether imtiated by pm pnck or by heat 

Bishop (69, 70, 71, 72) suggested that “itch, nonpainful pnck, and pam, 
ehcited by appropnate patterns of stimulation from the same pomt differ m 
quahty as well as quantitatively” This quahtative shift with a changmg 
quantity of stimulation mdicatefe, accordmg to Bishop, “a central quahtative 
interpretation of sensory impulses dependmg on quantitative factors mvolvmg 
identical penpberal mechamsms withm the smgle modahty of pnckmg pam” 
It must be pomted out, however, that “stimulation from the same pomt” is 
not eqmvalent to stunulatmg the same smgle nerve ending, and therefore does 
not ensure the imphcation of an “identical penpheral mechanism” for touch, 
itch, pnck and pam 

Gasser’s (73, 74) expenments mdiiate that the pam first to be perceived 
when a pm is pressed mto the skin or when a finger touches a very hot electnc 
bulb, the sGKjalled “first pam”, is earned mainly by the larger meduUated 
fibres conductmg at a rate between 10 and 90 metres per second, whereas the 
slow pam, or that to come on after the above pnckmg pam has been expenenced 
(so-called “second pam”) is earned mainly by small fibres called C fibres at a 
rate of between 0 6 and 2 metres per second 

Bigelow, Harrison, Goodell and Wolff (48) usmg the radiation techmque 
studied the difference m properties of these two types of pam Instead of 
“pnckmg” pam endpomt with its final abrupt, sharp-pomted quahty, they 
measured and used the sensory thrediold of “burning” pam which was thirteen 
per cent lower than the threshold for pnckmg pam for a 6 second exposure to 
radiation It had a painful quahty which was easily recogmzed They showed 
that this second or bummg pam sensation had many properties m common 
with pnckmg pam m that the threshold was raised after administermg alcohol 
or morphme, and that no spatial summation occurred when larger and larger 
areas were stimulated 

Hence, under the circumstances mentioned, there was studied the threshold 
of another t 3 q)e of cutaneous pair akm, perhaps, to Lewis’ “second pam” 
(26, 75) and conveyed probably by Gasser’s “C” fibres (73, 74) The forehead 
was exammed from the pomt of view of separating these two thresholds and it 
was noted that over a considerable range m the time of exposure, the pnckmg 
pain threshold was appreciably higher than the bummg pam threshold The 
difference between the two thresholds is more difficult to estabhsh when the 
tissue is bnefly stimulated. 

From observations of these two types of pam it became possible to understand 
certam pathological states It appeared from studies of pnckmg pam threshold 
that there was no lowermg of pam threshold m patients with hyperalgesia (7G) 
and penpheral neuntis (48) Indeed, m most mstances the pnckmg pam 
threshold was elevated Yet bedside expenence forces recogmtion of the fact 
that pm pnck or mampulation of the skm caused pam at a lower threshold 
When such a patient with nerve mjury due to a tumor pressmg upon the cervica 
roots, was carefully studied it was demonstrated that the threshold of bummg 
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pain Tvaa actually much lower than normal, whereas that of pnokmg pain, ns 
previously observed, was considembly higher It would appear that the nerve 
itself, because of damage, functioned abnormally Motivated by the expenence 
of Lehmann (77) that faulty oxygenation of neives might lower their threshold 
and even cause spontaneous discharges, bummg and pnddng pam thresholds 
were assayed in subjects during periods of nerve asphyxin Such asphyxia was 
achieved by bmdmg a blood pressure cuff about the arm, inflating it to 200 mm. 
of mercury pressure and then durmg the ensuing forty minutes ascertninmg 
the pnddng and bummg pam thresholds every few mmutes In the manner 
described above. 

Following the onset of asphyxia the pnokmg pain threshold was shghtly 
lowered for a short time and then started to rise and contmued to rise rapidly 
untd in about a half hour pncking pam was no longer discernible On the 
other hand, the burning pam threshold was lowered for a much longer time so 
that at the end of twenty mmutes it was thirty two per cent lower than its 
control level It was durmg this penod that “hyperalgesia” existed m the sense 
that a pm pressed mto the skin caused bummg pain with its characteristic 
features Ihia is the period dunng which Lewis’ and Poohin’s “second pam” 
(76) dommntes and the "first pam” disappeara (20, 76) It is also comparable 
to that phase of nerve disease durmg which tmo hyperalgesia may exist. This 
may be expressed for superficial pom m the reaction to the pm as just described, 
and for deep pam by the tenderness associated with palpation of the deep 
stmctures 

In summary, then, it may be sold that the akm is endowed with two types 
of apparatus for percervmg noxious stimuh, one giving nse to the quahty of 
pnckmg which reaches the eensonum rapidly, the other g i v m g nse to the quality 
Of bummg which reaches the sensonum leas rapidly The latter is mmilar to 
the quahty of pain expenenccd on the ^ans and on some mucous membranes 
This second quahty would appear to be an intermediate between snporficml 
and deep pain 

Infermcs Concerning the "Hyperalgetia" of Peripheral Neuropathy The 
sensoiy changes that occur during ischemia of an e.vtremity resemble m many 
respects those which occur m the penpheral neuropathy of alcoholism with nutn 
tlonal deficiencies (78), as well as m other vaneties of penpheral neuropathies 
SensationB subserved by the myelinated fibres are impaired before those sub- 
served by the unmyelinated fibres 

Wortis, Btein and Joliffe (78) suggested that such "paradoxic pom” results 
because the loss of one type of pam sensation enhances tho perception of another 
and supported this view by citing Qnssor (73, 74), i e , “that the function of 
the impulses which run on ahead of tho others is to adjust the exdtablhty of 
the synapses m preparation for the amval of the later impulses” Accor^g 
to the views of ‘Wortis, Stein and Joliffe, if the impulses from myolinatod fibres 
are lackmg, there would bo no consequent decrease in synaptic exatabflity and 
therefore the neural impulses incident upon the synapses would give nse to more 
intense sonsation Gasser (73, 74) concerned himself not with sensation, but 
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"With a spinal reflex pattern, He did not infer that a rapidly tra'vehng impulse, as 
a result of noxious stimulation, alters a synaptic junction for subsequent impulses 
from the noxious stimulation so "that the latter gi've rise to a sensation of a 
different mtensity or quahty 

A further cnticism of the "view of Wortis, Stem and Johffe (78) concemmg 
"the possible ongm of the dysesthesia m peripheral neuritis is contamed m the 
observation of Gordon and Whittendge (79) The latter have recorded by 
means of the electroencephalograph the tune mterval between onset of painful 
stimulation and disturbance of alpha rhythm of the cerebral cortex In control 
observations, the disturbance of alpha rhythm associated "with pam from the 
finger began 0 26 second after onset of stimulation, and foUowmg prolonged 
asph3Taa of the finger, the mterval between onset of painful stimulation and 
disturbance of alpha rhythm was 1 02 seconds Whereas patients "with cutaneous 
dj'sesthesia accompanymg peripheral nerve lesions m the upper extremity demon- 
strated no abnormal delay, the average time mterval between onset of stimu- 
lation and disturbance m alpha rhythm bemg 0 21 second mdicatmg that the 
fast conductmg pam fibres are still acti"ve m these patients Such data fail to 
support the concept that dysesthesia results from destruction of fibres con- 
ductmg fast impulses 

The data from the expenments of Bigelow, Harrison, Goodell and Wolff (48) 
suggest a simpler conception of the “paradoxic pam” of penpheral neuropathy, 
as the expression of a defect m penpheral nerve, the threshold for ‘Taurmng” 
pam subserved by unmyehnated fibres is so depressed that ordmanly innocuous 
stimuh are perceived as painful, whereas at the same time the threshold for 
“pnckmg” pam, subserved by myehnated fibres, is elevated Under these cir- 
cumstances, contact with the bed clothes produces a painful bummg, and yet 
pm pnck perception is unpaired 

Deep Pain — yvsceral and Somatic Smce "the head (80) and abdomen (81) 
are responsible for a large share of human discomfort, and, as well, afford 
examples of two entaely different mechaniBms of "visceral pam, consideration 
"wdl be focussed on these structures 

Pam from the head does not emanate directly from the parenchyma of the 
bram but from its covermgs and from its supportmg and "vascular structures 
(18) The bram parenchyma and the limngs of the ventncles of the bram are 
insensitive The analysis of blood vessel pam reveals that a good portion of the 
pam from the head has its ongm m or about these nutnent structures For 
analysis of such blood vessel pam from the head, the cramum may be dinded 
mto three layers, the most superficial mcludmg vessels on the outside of the head, 
the middle mcludmg the dural vessels, and the deepest layer mcludmg the pial 
and cerebral vessels Postponmg consideration of the pam sensitivity of venous 
structures, that of the deepest layer of artenes may be analyzed first 

It has been possible to demonstrate m conscious and co-operative mdi"vidua 
that the artenes of the bram are pam sensitive m certam regions, notably at 

tho Id&ss ^ 

Secondly, it has been shown that histamme which "widely dilates cerebral 
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artenea ifl capable of produomg pam (18, 82, 83, 84) The resultant headache 
has a pulsatile, throbbmg quahty It has been demonstrated that it results 
from dilatation of the cerebrtd arteries 

It 13 rrell known that such mdirect effects as muscle ischemia resulting from 
vasoconstriction may cause pam (26) Also, it lA possible that pam may result 
indirectly from nerve or root ischemia (8B) However, with the possible 
exception of cold pam (86) there is no evidence to show that arterial contraction 
causes pain directly Epmephnne, when locally apphed to the surface of the 
pam sensitive middle menmgeal artery caused its walls to contract so vigorously 
that the end result was a vessel which had but a fraction of its former diameter, 
yet no pam was ehated by such spasm (18) That constriction of cerebral 
arteries sul^oient to impair bram function does not ehcit pain was also mdicated 
by patients with scotomata as forerunners of migrame headache attacks (87) 
Marked visual field defects in such patients preceded the onset of headache 
whereas overcoming such constnotion by smtable vasodilators, when earned 
to excess, resulted in pain On the other hand, migraine headaches due to cranial 
arterial distention were reduced m intensity or abolished by vigorous vaso- 
constnebon as, for example, with ergotamme tartrate or epmephnne (88, 80) 

Smee blood vessels entermg and leaving the bram act in part as supporting 
or anchoring structures, they may become the ongm of pam throu^ tracbon 
upon them or displacement Many such supporting structures have pam fibres 
on their surfaces The method of analysis of such deep pam due to tracbon 
was as follows (90) A needle m the subarachnoid space was attached to a 
water manometer It was then poesiblo to vary at will the pressure withm 
the subarachnoid space, and to estunate the mtracranial or vertex pressure 
Under these orcumstances traction on anchoring venous stnicturee could be 
mduced Often, pam could bo evoked m a subject with mcreased mtracranial 
pressure by lowermg the pressure to normal Inversely, a headache associated 
with low mtracramal pressure could bo reduced m intensity by taismg the 
pressure to normal Thirdly, headache failed to be mduced m normal subjects 
by miring the pressure ei^t or ten times above the normal level (91) 

Further, it was observed after spinal drainage and blhng of the subject toward 
the upright poeibon, when the disparity in negative pressure between the intm 
cranial venous pressure and that m the subarachnoid space became sufficiently 
great, that the cerebral veins dilated and pam was experienced. Increasmg 
the cerebral venous pressure by jugular compression mcreased the intensity 
of this pam Hence, it is necessary to infer that changes m cerebrospinal 
flmd pressure, per se, are not respontiblo for headache The latter has its 
ongm in traction on pam.Benativo vascular structures (00, 01) 

The Nongpeafic Qudtty of Deep Pam Attempts were made to differentiate 
in the same person the quahty of pam a, m headache resulting from mtravenous 
histamine, causmg noxious impulses from cerebral artery distenbon, b, m 
migrame headache emanating chiefly from distended branches of the external 
carotid artery, e, in headache due to venous traction anamg after spinal fluid 
drainage, and d, m headache resulting from mjeebon into the frontahs muscle 

^ t ' 
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of a hypertonic salt solution Although these headaches varied as regards 
site, pulsatile or nonpulsatile nature and other temporal aspects, and as to 
whether or not they could be modified m mtensity by such factors as position, 
movement and chetmcal agents, the quahty of the pam was reported to be the 
same m all It was of a deep, aphing, diffuse nature, qmck to arouse reaction 
m muscles and m glands, such as lacnmation and mjection of the eyes, and 
was associated with feebngs of nausea It was indistinguishable m quahty 
from that which results from painful stimulation of the teeth, the penosteum, 
or the muscles of the ej'^e (92) 

True Visceral Pam The evidence concermng true visceral pam has been 
repeatedly challenged smce it is difficult or impossible to stimulate one of the 
visceral organs -without at the same time stunulatmg supportmg structures 
Mackenzie (93) emphasized that no conclusion concermng pam sensitivity of 
an organ should be drawn if stunulatmg pressure is exerted through it against 
structures which may m themselves be sensitive Le-wis asks whether it is pos- 
sible that tenderness m patients with gastnc ulcer sometimes emanates from 
the attachments of the stomach to the postenor abdommal wall Resolution 
of this question, says he, is important to the problem of visceral pam, for if one 
admits that true -visceral tenderness occurs, then one simultaneously agrees 
that pam can result from stimulation of a -viscus 

The stomach offers an excellent o^portumty to resolve the question as to 
whether or not there be true -visceral pam Wolf and Wolff studied a man who 
had a large gastnc stoma, surgically produced because of esophageal occlusion 
w hen the subject -w as a child It was observed m this subject that when 50 or 95 
per cent alcohol was mtroduced mto the cardiac end of the esophagus it produced 
a sensation of “heartburn” (81) These observations confirm those made earher 
by Jones and others (24, 94) in indi-viduals with mtact gastromtestmal tracts 

When the healthy mucosa of the fundus of the stomach v as explored through 
the stoma descnbed above, and the wall of the mucosa -v\'as pressed between the 
blades of a forceps, no pam resulted Furthermore, faradic stimulation mtense 
enough to cause pain on the tongue, when apphed to the fundus mucosa produced 
no pam Fifty and nmety-five per cent alcohol, ION hydrochlonc acid, 0 1 N 
sodium hydroxide or 1 30 suspension of mustard vhen apphed to the mucosa 
produced nd pam 

Ho-v\ever, -when the gastnc mucosa was inflamed, congested and edematous 
for -ahatever reason, all of these procedures evoked a pam of considerable mten- 
sity 

Whereas mucus is a highly protective substance, the absence of mucus does 
not explam the change m pam threshold When the mucus was aspirated 
awgy from the normal mucosa, powdered mustard placed on the now diy and 
unprotected mucosa did not immediately produce pam It was not until some 
time had elapsed and the mucosa had become red and edematous that pamfu 
sensations could be ehcited by pmchmg or by faradic current Also, vano^ 
noxious chemical agents such as 1 0 N hydrochlonc acid and 50 and 95 per ce 
alcohol no-a became capable of evokmg painful sensations 



THE NATHEE OT PAIN 


183 


Thufl, although the number of pam fibres and endmgs may be relatively 
Email, there can no longer be any doubt about true visceral pam ongmatmg m 
noiiouB stimulation of the inflamed gastno mucosa 
The question uhether pain atema direetly from the muBculana or rather 
from the mesentery and visceral peritoneum is less readil 3 answered Lewis 
(2G), from his summary of aiailable evidence, inferred that contraction of the 
muscle of the gut docs not give nee to painful sensations It is his opinion 
that experiments aimed to resolve this question lead to the conclusion that 
mesenteno attachments are the sources of pam. It is generally agreed that the 
parietal peritoneum when suitably stimulated gives rise to sensations of pam 
Recent evidence (81) on the aforementioned sub 3 ect has come from two 
senes of experiments 1 Ordinarily when the stomach contracts ivith a force 
sufficient to support 35 mm. of mercury pam is ehoited When the gastfio 
mucosa is inflamed it required a force sufficient to support only 20 mm. of mercury 
to produce a similar pam It may not be inferred from such an eiqienment that 
the pain is ehoited cidusively from the mucosa It is doubtful, moreover, 
whether it represents mescntenc traction sinco there is lera traction as the 
result of a force supporting 20 mm of mercury than 36 mm It seems likely, 
therefore, that some of the pam emanates from the structures deeper than the 
mucosa, namely, from the musculans, the serosa or the visceral peritoneum 
2 When the stomach was stretched by ^ass rods it was fmmd that when the 
contractile state of the stomach was average the pressure necessary to produce 
pam was 100 grams per sq cm However, when the stomach wall was strongly 
contracted pressure of 60 grama per sq cm. or half that originally apphed was 
found sufficient to produce pam On the other hand when the stomach was 
relatively relaxed 150 grams per sq cm of pressure was necessary to induce 
pam Agam, these observations suggest that the musculans or serosa may 
contnbue to pam expenenced from the stomach 
To supplement those observations on the exposed gastno mucosa, mdirect 
but significant evidence comes from the observations of Palmer (95) who has 
shown that pam from peptic ulcer occure only when the gastno content is aad. 
It is reduced in mtensity or eliminated by emptymg the stomach as bj' emesis 
or aspiration, and by neutrahnng the acid content with food or alkali Also, 
in the patient weth peptic ulcer, who is temporarily free of pam, injections of 
dilute hydrochlonc aad (0 25, OA and 1 0 per cent) will mduce pain Pain is 
not induced by the injection of such hj drochlono aad into the normal stomach 
or into the stomachs with healed peptic ulcers 
Also, evidence from x ray e.xnmination, accordmg to Palmer (05), demon 
stmtes that the pam of ulcer is not dependent on hyporpenstal^ sustained 
contraction of the musculature, pylorospasm or distention of the antrum How 
over, all of these in conjunction with hy{)oraadity and inflammation augment 
the pam of ulcer Thus, peristaltic contracbona maj induce pam m a patient 
with ulcer when there is aad present but it the nad is ncutraliied, penstalsis 
no longer induces pam As in the skin and in the mucoea of the bladder and 
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The latter BensatioriB may do mina te so tliat the imtial circumscnbed pain is 
less apparent 

McLellan and GoodeU (96) have shovm that brief low mtensity electncal 
stimiilation of the ureter from withm ehcits prompt and severe pam experienced 
along the medial border of the rectus abdominis muscle Spread from an 
imtially hmited portion of a segment to other portions of the segment and then 
ultimately mto adjacent segments was also expenenced when the ureter was 
stimulated at various levels above the bladder onfice When such stimu- 
lation was prolonged or mtense, the pain spread so as to mclude other parts of 
the segment, be ginnin g on the antenor abdominal wall and ultimately spreadmg 
postenorly However, the effects of muscle contraction soon masked the imtial 
pain from noxious stimulation of the ureter to such an extent that the entire 
flank became tender The muscle contraction then apparently became the domi- 
nant source of noxious impulses resultmg m pam 

Similar observations were made by Travell, Beny and Bigelow (100, 101) 
who mapped the distnbution of referred pam from noxious stimulation of vanous 
muscles They observed that the referred pam was expenenced either withm 
the reference area attnbuted to one segment, withm the different portions of 
one segment or m fragments of several segments without mcludmg any one 
segment entirely 

With coronary artery occlusion or angina of effort the pam at first seems to 
emanate from one or more of the antenor portions of the first four or five thoracic 
segments and spreads headward so as to seem to arise withm the structures 
supphed by the lower cervical, then the upper cervical segments Ultimately 
it may seem to emanate from the lower jaw and teeth The spread of pam so 
as to mclude the lower teeth mvolves the cervical dorsal horn and the descendmg 
nucleus of the tngemmal nerve which are contiguous m the upper cervical 
cord 

To further the study of mechanisms mvolved m the distnbution of referred 
pam, the commonly expenenced “ice cream” headache was analj^zed m a subject 
m whom it was possible to examme separate parts of the esophagus, stomach 
and mouth (102) It was foimd that firontal headache developed when the ice 
was apphed to the roof of the mouth but not when a considerable amount of 
ice was put mto the stomach through a stoma, nor when it was held for several 
mmutes m the esophagus Thus, noxious stimulation of structures supphed by 
one division of the fifth cramal nerve caused pam to be expenenced m structures 
supphed by another portion of the fifth cramal nerve Also, but less constantly, 
pain was eiqienenced m and behmd the ear when ice was apphed to the regon of 
the fossa of Rosenmuller, and to the postenor wall of the phaiynx These areas 
are all supphed by the nmth and tenth cramal nerves with possibly a few contn- 
butions from the fifth and seventh cramal nerves 

The digts of the hand m certam persons are particularly suitable for t e 
analysis of the spread of pam from a site of noxious stimulation because the pam 
can be recograzed m readily separable zones 

The “cold pam” induced by immersmg one digt for 10 mmutes m wa r a 
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O'C spreads from the uamereed finger to tlio adjacent border of the nd^bonng 
fingers on either side, and may subsequently include the whole of a neighboring 
finger and a part of a finger beyond 

This pattern of spread having been well defined in 21 experiments m 6 subjects, 
the fifth finger was anesthetired by a digital block with 2 per cent procame 
The infiltration of the paired dorsal and volar digital nerves was extended to 
encircle the base of the digit and included dermis and periosteum The resultant 
sensory loss m this finger was complete, with absence of superfioal and deep 
pain and of touch, temperature, position sense and vibration sense When the 
fourth finger was immersed m water, the spread of pain to the fifth and third 
fingers was essentially of the same pattern and of the same intensity as m control 
experiments m which the sensation of the digit was intact Repetition of this 
experiment with procaine block of the third finger and rannersion of the second 
in cold water also revealed that there was no interference with the spread of 
pam mto the anesthetic digit It is Inferred that a, the spread of pain is a central 
rather than a penpberal effect, and b, that the spread is not dependent upon 
afferent impulses from the tissues into which spread occurs (103) 

Such segmental spread of the effects of noxious stimulation associnted with 
deep pam would appear to bo based chiefly on anatomical arrangements within 
the spinal cord or bram stem Thus, m one of two sunilor patients studied by 
Hay and Wolff (104) sovoro pain m the n^t buttock and lower log, caused by 
metastatic tumor of the njdit hip joint and nerve plexus, was eliminated by 
section of the ventrolateral portion of the cord at the first thoracic segment, on 
the left side only After operation, severe deep jiam mduced by compressmg 
muscles on the left (normal) loa er limb or abdomen was felt on the left side only 
Similar noxious stimulation of the njjit hip joint or right gostrocncmius muscle 
mduced a less mtenso deep pain but also on the left aide, the pam was diffuse 
poorly lOcalircd and widespread, yet mainly m the tissues supphed by the 
adjacent segments, and it outlasted the penod of stimulation by about half a 
second Noxious stimulation of low intensity, or repeated pm priokmg on the 
right ado gave no sensation of pam on the left It is postulated from these 
observations that excitation travels along two possible routes from the primary 
sensory neurons and their coUaterals 1, the well known pathway, by neurens 
in the cord segments of their entry and m adjacent segments that cross to the 
opposite side and ascend the cord m the spmothalnimc tract, and 2, the jaithwny 
demonstrated by this patient, that of mtornunciai neurons that cross m the jios 
tenor commissura to connect with neurons on the oppomto side of the cord 
The latter cross to ascend the cord m the spmothalamic tract on the satao aide 
as the entermg noxious impulses Pam is thus cxpcncnccd on the side opjiosite 
to the source of noxious impulses. It is conceivable that the additional syn- 
apses necessary for the jmssago of impulses from the ndo of entry to the other 
Bide of the cord introduces rcsistanco that mokes necessary a high mtcnsity 
of noxious stimulation for such spread of pam to the opposite side of the body 

Included m the exndence of the effects of spread from noxious stimulation on 
sensory and motor phenomena may bo cited the obsorvatjonB of GoUhorn (106, 



188 


HABOLD G WOTjFF AND JAMES D, HARDT 


106) who has shown that spinal reflex movements, as well as those resultmg from 
stimulation of the motor areas of the cerebral cortex are altered durmg periods 
of noxious stimulation of either deep or cutaneous tissues Durmg such noxious 
stimulation the effect of stimulation of the motor cortex is either mtensified 
or quahtatively altered so that different movements may be substituted tempo- 
rarily for those obtamed under' control conditions These afferent impulses 
are not limited m their effects to the same side but may also mvolve the reactiv- 
ity of the opposite side Gellhom suggested that these phenomena result from 
the cortical spread of excitatory effects, but the evidence for this inference is 
mconclusive The effects descnbed m bis experiments could be explamed by 
assuming spread at the spmaJ cord level 
Headache occurs m association with distended bladder m some paraplegic 
patients with verified cord transection, usually durmg the first few months 
following mjuxy Such headaches are descnbed as throbbmg and they may 
be diffuse, bifrontal, or bitemporal They are generally accompamed by diffuse 
sweatmg and piloerection above the level of cord transection as well as below 
In most instances the headache is reheved almost immediately after the bladder 
has been dramed It is hkely that such headaches have a vascular mechanism, 
but the anatomic pathwa 3 ^ mvolved have not been ascertamed 
Also, it 18 difficult to understand on the basis of neural connections the instances 
presented by Henry Head (107), which mvolve headache m association with 
chest disease Persons with pam emanatmg from one portion of the chest 
were reported to have had headaches m one specific portion of the head, whereas 
those with disease and pam m another portion of the chest had headache m 
an entirely different site It is apparent from the case notes that these patients 
had septicenua or bactererma and the headache could have resulted from humoral 
agents actmg on cerebral vessels m much the same manner as has been descnbed 
for experimentally mduced histamme or typhoid fever headaches (82, 83, 84, 89) 
Assummg, however, that the humoral mterpretation is vahd, the predictable 
and specific site of the headache is still unexplamable Others have been unable 
to confirm Head's observations 

The Bite selected m the faulty localization of pam appears to depend first 
of all on the famdianty of the subject with painful expenence frcttn a region 
Thus, on stimulation of mtracramal structures, those near the orbit and those 
as remotely removed from the orbit as is the supenor surface of thetentonum 
gave rise to pam expenenced m, over or behmd the eye If pam be “referred 
to” or expenenced in the part of the segment most accustomed to noxious 
stimulation it must emanate from the region about the eye smce here dust, 
foreign bodies, drymg, inflammation and muscle contraction are common causes 
of noxious stimulation It is likely that the cerebral cortex is mvolved m those 
aspects of pam that mclude previous expenence or conditiomng 
c Surface Hyperalgesia and Hyperesthesia On certam portions of the skm, 
as an accompamment of deep pam, pm pnck may be expenenced as sharper 
and of longer duration, and tactile and thermal sensations seem more mtense 
than those mduced by the same stunuh on other dermatomes Such skm areas 
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are innervated by the same or adjacent neural Begmenta ■which supply the deep 
tissues from ■which the noxious and paintul impulses are onginatmg 

This mteresting yet mconstant accompaniment ot deep pain has caused con 
fusion and controversy Though described many years ago (108), the phenome- 
non ■was given fresh nterest by Weiss and Da^vis (109) These authors suggested 
that deep pam could be reduced or el iminated by anesthetiiation of the associated 
hyperalgcsio areas of the skin Merely (110) reported that hyperalgesia of the 
skin over the shoulders from diaphmgmatio imtation could be ehminated or 
reduced by anesthetlsation of the hyperalgesic area, thou^ Woollard, Roberts 
and Carmichael (111) demonstrated that the more mtense pam resultmg from 
direct phremo nerve stimulation and experienced m the shoulder tip ■was in no 
■way mfluenced by surface anesthetisatjon of this area. 

Lewis (26) was not able to modify the pam of angma pectons by ancstheti- 
lation of the precordial skm nor was It possible for MoLeDsn and Qoodell (96) 
to alter the pam eipenence associated ■with ureteral distention by anesthetiiation 
of the hyperalgesio akin area of the abdominal wall Neither could pam resulting 
from duodenal distention be modified by anesthetiiation ot the hyperalgesic 
area m the skm of the abdominal wall (112) Anesthetnation of the skm over 
the calvanum (not hyperalgesic) m no way influenced tiie mtensity of the head- 
ache resultmg from mtravenous histamme mjection (113) Also, as mentioned 
above, (103) anesthetiiation ot the digits in the lono of reference did not modify 
the pidn (see p 187) 

These oontradiotiona are more apparent than real It was shown by 
Robertson, Qoodell and Wolff (41) that the effect on deep pam of procame 
infiltration is related to the occurrence and amount of surface and deep hyper- 
alge^ Thus, when a tooth was noxiously sthnulated causing headache and 
superficial and deep hyperalgesia of the temporal region of the head, 
infiltration of procame mto the hyperalgesio skm and underiymg soft tissues 
reduced the amount of discomfort and produced analgesia although it did not 
eliminate the headache When the hyperalgesia was more marked the effect 
of procame mjection was more dramatic Headache was eliminated, however, 
by infiltration of procame mto the tissue about the tooth (41) It is, therefore, 
evident that when pam results from the persistence of primary ■visceral or other 
deep noxious stimulation and is associated -with hyperalgesia, its btensity may 
bo modified by superficial and deep procame infiltration m the hyperalgesio 
lones Howe^ver, it is not elmunatcd until the afferent impulses from the 
primary sources end spontaneously or are blocked 

The explanabon of surface hyperalgesm presented by Mackenne (93), Ross 
(114) and Sturge (108) included autonoimo efferents and “hypenmtablo” foci 
■within the cord Lewis (26) has postulated that a special nervous apparatus 
called the noa fensor sj’stem is involved m the phenomenon of hyperalgesia, 
but anatomic evidence for the custenco of such on apparatus is lacking 

It IS extremely doubtful that there is hborated m the skin of the hyporesthetic 
and hyperalgesio areas a chemical agent which lowers the pain threshold (115) 
Repeated observation of patients ■with surface hyperesthesia and hyperalgesia 
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associated with deep pain reveals no significant lowering of the threshold of 
either pncking or burning pain On the other hand, minimal pnckmg and 
burmng pam when they are perceived are expenenced as more intense, and seem 
to be of longer duration In other words, there is apparently an mtensification 
of the pam perceived at the usual rather than at a lowered threshold (48, 76, 116) 

For example, a man with hyperalgesia of the right side of the face, secondaiy 
to noxious impulses from deep tissues, was found to have the same pam threshold 
on the two sides of his face, which was withm normal limits However, 
a stimulus mducing a sensation which was reported as one plus pam on the con- 
trol cheek and forehead, induced a sensation which was reported as a three plus 
pam on the hyperalgesic side of the face A stimulus mducmg a sensation 
reported as a four plus pam on the control side of the face mduced a sensation 
reported as a six plus pam on the hyperalgesic side Also, a stimulus of 0 295 
gram cal /sec on the hyperalgesic side mduced a sensation which was reported 
as eqmvalent m mtensity to one produced by a stimulus of 0 335 gram cal /sec 
on the control side (115) 

If there be hberated into the skm substances capable of lowenng the threshold, 
then the effects of such substances should persist m the skm for at least a short 
time after the stimulus hberatmg the substance has ended To explore this 
thesis the followmg experiment Was done An area of hyperalgesia (mtensifi- 
cation of pnck with pm amd touch with cotton wisps) was produced on the skm 
of the left cheek over the outer edge of the zygoma by placmg under the left 
middle and mfenor turbinates an rmtatmg “adrenalm” (Parke, Davis & Co ) 
tampon (1 1000 solution) The pam threshold for both pnckmg and burmng 
pam m the hyperalgesic area, as ascertamed by the thermal radiation techmque, 
was not lowered Moreover, when the pam m the face had been obhterated 
by placmg procame tampons over the imtated surface of the nasal mucosa, 
almost immediately thereafter the “hyperalgesia” and “hyperesthesia’' of the 
skm was ehmmated In other words, the “hyperalgesia” and “hyperesthesia” 
did not outlast the penod of painful stimulation These observations make it 
seem extremely unlikely that a chemical agent was hberated mto the skm, which 
either produced true surface hyiieralgesia, or was responsible for the mtensifi- 
cation noted (59, 116) 

It appears more hkely that the mtensification of sensation results from a 
change withm the nervous system It is suggested that the central excitory 
effects due to the pre-existmg barrage of noxious impulses m the segmental or 
suprasegmental nfeural apparatus alter the situation so as to make impulses 
ongmatmg at the usual threshold m the skin seem more than usually mtense 
and persistent 

A summation effect analogous to the phenomenon of surface hyperalgesia 
IS encountered m the eye It is common expenence that persons with a cmder 
m the eye wiU, on lookmg mto a hght, expenence the hght as momentarily 
bnghter and the cmder as more pamful It is as though a mutual reinforcement 
of visual sensation and pam occurs (59) 
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The following ejcpenment may maVe this more evident (59) There was m 
jeeted into tho muscles of the forehead a small amount of hyportomo saline 
(05 CO of 6 per cent solution) This caused intense pam The rate of winking 
was frequently measured before and after the Inicctimi It was noted that the 
rate multiphed seven toei^t timeswhen the eye was exposed to a hght of standard 
mtensity, and dnqiped to lero when the subieot was put m a dark room Also, 
immediately after exposure the hjht seemed bnghter than dvmng the control 
penod and the pam m the bead due to the salt mjectlon was increased m mtensity 

A possible explanation of this phenomenon is as follows At the segmental 
level visual impulses entormg the colhculus from the retina, exert an excitatory 
influence on the fadal nerve nucleus, causing the mcrease m winking frequency 
Tho spread of the pam from the site of noxious impulses in the muscles of the 
forehead to other parts of the head resuMa from spread of excitation to mvolve 
most of the tngcmmal nerve nucleus so that the precise penpheial ongm of the 
pam M no longer certain Noxious unpulses from the head after entenng and 
spreadmg throughout the tngemmal nucleus exert an additional excitatory 
mfluence on the fadal nerve motor nucleus so as further to mcrease tho winkmg 
frequency (117) Tho spread of exatation both oaudad and cephalad causes the 
facial, cervical, masseter and temporal muscles to contract Additional evidence 
that the motor effects of this experiment are segmental (midbram or hmdbiam) 
m ongm was afforded by some patients with Argyll Hobertson pupil (Indicatmg 
mid brain disease) Such petsana had faulty or absent wink responses when a 
strong h^t was projected onto the retina Yet they also experienced mutual 
mtensification of hght and pam 

The mutual mtcnsificatioa of pain and visual sensations must mvolve associa- 
tion areas m the cerebral cortex. Nervous impulses from stimulation of the retina 
by light, entirely separate from those which go to the colhculus, enter the external 
gemculate body directly There, through a synapse, secondary disturbances 
are conveyed to tho cerebral cortex. Assuming that current knowledge of neuro- 
anatomy IB correct, it is apparent that at neither the bram stem nor thalanuc 
level IB it possible for neural activities mvolved m vision to be influenced or 
modiflcd by those tor pmn Such phenomena can take place at the cortical level 
only (118) Thus, although reinforcement of the effects of noxious stimuli by 
non noxious stimuh docs occur within the cerebral cortex, it is also likely that 
such effects do occur within tho cord or bram stem 

To epitomiio this analysis it may bo said that there are three categories of 
deep pam 

1 True mtccral and deep tomalte patn Such pom is felt at the ate of primary 
stimulation and may or may not be associated with referred pam It is chmi 
noted by infiltration of procame mto tho site of noxious stimulation or by blockmg 
its afferent nerves, but it is not altered by infiltration of procaine mto other 
structures supphed by the samo or adjacent neural segments 

S Referred pam Such pam may occur m addition to or m the absence of 
the true visceral and deep somatic pain described above It is experienced at 
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a Bite other than that of stimulation but m tissues supphed by the same or 
adjacent neural segments It may occur either "with or without associated 
hyperalgesia and hyperesthesia 

a Wiihoui su.'perficidL and! or deep hyperalgesia In this case pam depends 
only on the central effects of the spread of excitation of the ongmal noxious 
impulses to the same and adjacent segments of the cord whence they are relayed 
to higher centres for perception and mterpretation Injection of procame mto 
superScial or deep regions of referred pam does not reduce the mtensity of pain 
due to this mechanism 

b Wdh superficial andlor deep hyperalgesia Referred pain may be accentu- 
ated m mtensity by "virtue of the effects of ordinarily non-noxious stunuh from 
zones of reference Impulses from such sources, normally inadequate to produce 
pain, may do so upon reachmg the cord m a segment mvolved m central spread 
of excitation Procame mjected mto superficial or deep hyperalgesic structures 
Will abolish this element of the referred pam phenomenon, resultmg m more or 
less reduction of the subject’s discomfort, dependmg on the amount of hyper- 
algesia 

S Pains due to secondary skdelal muscular contractions which provide a fresh 
source oj noxious impulses Pam may result from secondaiy effects of the central 
spread of excitation on the effector structures, mcludmg painful contractions 
of skeletal muscles Such disturbances may be "widespread and the pains may 
be experienced m situations remote from the ongmal source of noxious stimuh 
Local infiltration of the contracted muscles "With procame abolishes this tjrpe of 
pam by disruptmg its penpheral mechanism 

Thus m addition to the above descnbed (2o) hyperalgesia -with unaltered 
cutaneous pam thrediold, there may occur secondarily a deep hyperalgesia "with 
lowered pam threshold m the deep tissues 

The Phenomenon of “Central Pain” The phenomenon of central pam has 
been but httle m-vestigated experimentally Head and Holmes (119) explamed 
this dysesthesia by postulatmg the failure of cortical inhibition of excitation 
"withm the thalamus, due to lesions that destroyed cortical thalamic connections 
Kendall (120) has suggested that the dysesthesia (the phenomenon of “central 
pam") associated wrth lesions of the spmothalamic tract and of "the thalamus 
can be mterpreted as the result of differential mterruption of pathwas^ for 
afferent impulses mducmg pam He postulates that it is the fast conductmg 
fibres m the spinal cord and m the thalamus which are mterrupted by a lesion 
which leaves mtact the slow conductmg fibres, the central effects of which, it 
IS further postulated, are normally inhibited by the effects of impulses traversing 
the fast fibres The fact that pnckmg pam is experienced by those with central 
pam, although its threshold is elevated (48), fads to support such a view 

The Dual Aspects of Pam The distmction between perception and reaction 
IS apparent and is easdy appreciated m the case of heat, h^t, touch, cold and 
olfactory perception where the responses are not stereotyped But when, as 
m the case of pam, there is an mbom as well as an acquired stereotypy the contrast 
between perception and reaction is blurred The reaction pattern of the organ- 
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ism to nonouB Btnnuli mvolvuig pain has many components It mdudes 
“feeling” or emotional reactions, smooth muscle, gland and skeletal muscle 
effects, and assumes the form of withdrawal, flight or fight 

Instances of the dissociation of pam perception from the pattern of reachon 
to pam are seen m the indifference to mjury sustamed dunng the excitement 
of games or combat, the apathy, or "qmetism” that accompames tissue damage 
during certain rehgious and mystical pracUces, the mdifference to tissue damage 
durmg sexual excitement, the indifference to pam often witnessed dunng partu 
rition m women who are confident m their physioinn and desirouB of bearmg a 
child (14) 

Dissociation between pam perception and pain reaction b evident not only 
after drug admmistration or dunng the action of strong bchefs and convictions, 
but also after cerebral damage Examples of such dlssocmtion are offered by 
the exponences of VanWagenen (121) and Watts (122) and of Walker (123) 
Thus, Walker’s patient, a fifty-six year old woman with mtraotable pam associ 
ated with an amputation stump and “phantom hmb”, had bflateral frontal 
lobotomy performed for this complamt In the months foUowmg this procedure 
she was confused but looked content and complamcd httle When questioned 
she usually said the arm ‘ pained” but did not volunteer the informaticm When 
she was questioned further about the pam she stated that the pam was present 
but that she gave it less attention and it did not concern her (See also de 
GuU&rei-Mahoney, 32n ) 

The dissociation of perception from reaction may be of vaiymg degrees. 
There may be more or less denial of emotional reactions with repression of 
vocahxation or flight, yet with many visceral reactions sometimes ending in 
syncope Indeed,someof these reacbcaiaif sustamed may damage the organism 
For example, G Wolf (124) has demonstrated that noxious stimuli associated 
with pam may induce a decrease m kidney blood flow and urme output Such 
ischemia b of littlo importance to the healthy kidney, but m a severely damaged 
organ, a transient decrease In kidney cuculation hss resulted m irrevensble 
changes and death (126) Also, Gold, Kwlt and Model! (120) have shown that 
noxious stimuh associated with pam may alter heart function as mdicated by 
the ebctrocardiogram Again, such changes, although of httle importance to 
the healthy heart may be of dire significance to one in already faulty function. 

Of the vanous bodily changes avoflahle for the analysis and study of such 
reactiona, a sweatmg and vasomotor phenomenon as represented by changes 
in the electrical skin rcsistanco has been found useful (17) The point of change 
in skm resistance resulting from palmar akin changes when the forehead of the 
subject WTBS exposed to heat radbtion, was called the alarm reaction threshold 

Although the pam threshold was constant, the "alarm” reaction threshold 
vaned wndely from subject to subject and In the aamfl subject from time to time 
It was usually below the pam thrediold, although sometimes above it This 
reaction is imhated by pamlul and nonpoinful stimuli, when the btter have 
become symbob of painful or dangerous experience The reaction or “alarm” 
thiediold differs from the pam threshold not only m its vnnsbUity but m the 
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fact that there is spatial si imma tioD Moreover, an analgesic such as alcohol, 
which has a uruform and predictable effect on the pain threshold, affects the 
“alarm” reaction in a variable way in the same and different mdividuals, raising 
it m amounts from 50 to 800 per cent The threshold for reaction hn.q been 
measured by other methods Chapman et al (42) usmg radiant heat to the fore- 
head as a painful stimulus, evaluated a wmlong response characterized by 
narrowmg of the eyehds as an evidence of reaction to pam They found that 
“neurotic” patients m general displayed a lower threshold for reaction than did 
“control” mdividuals (127) The older observations of labman (44) and of 
Hollander (45) support this view This reaction component, then, of the pam 
experience mcludes the “quale” or feelmg state and represents the mdividual’s 
response to a given situation based on his own past experience and mbom pecu- 
hanties Impressions concemmg the r61e of the mtemuncial neurons m the 
mechanism of pam m phantom hmb and causalgia, as well as their relevance 
to other sustained states of abnormal reactivity have been descnbed by 
Livmgston (128) 

In concludmg these considerations, concepts concemmg pam may be touched 
upon agam Until the end of the nmeteenth century pam was considered to 
be exclusively a feelmg state Later, with the discovery of special anatomic 
equipment and mechanisms, mterest was focussed on the perceptual aspects 
of pam It then became clear that pam is a specific sensation, and yet, because 
of its mtimate linkage with strong feehngs and other reaction patterns, the latter 
may be dominant m the experience Beactions to pam may be modified by 
conditionmg experiences and strong behefs The common analgesics m addition 
to effectively raismg the pam threshold, also have a major function m changmg 
reactions, attitudes and feehngs Thus, recent evidence supports the old view 
that the “quale” or feelmg state is, to the one who suffers, perhaps the most 
relevant aspect of pam Yet it supports as well the conclusion that pam is a 
specific sensation with its own stmctural and functional properties It becomes 
apparent that these two concepts do not oppose each other both represent 
attempts to formulate distmct but fundamental aqiects of the pam expenence 
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HEAT MAN’S EXCHANGES AND PHYSIOLOGICAL RESPONSES 

WILLARD MACHLE and T F HATCH 
■^05 Lexington Avenue, New York 17 

The purpose of this paper is to summarize the apphcations of physical laws 
of heat transfer to analysis of thermal relations between man and his environ- 
ment, to review bnefly the important recent work on the physiologicalresponses 
of man to heat, and to emphasize some of the studies earned out dunng the war 
years which have advanced our knowledge m this field Sj^stematic explora- 
tion of the apphcations of the laws of heat transfer as they apply to man, is not 
usual m a review which is dedicated to effects rather than causes Pnor to the 
war there was some tendency to separation of the fields of mvestigation The 
necessities, however, for recommendation on matters of mihtary usefulness re- 
quired pursmt of both approaches for decision Recogmzmg that present 
knowledge does not permit fully descnptive mathematical expression for thermal 
relationships and effects, we have nonetheless used what is at hand and at- 
tempted to mtegrate this mto the somewhat disrupted pattern which our present 
knowledge makes 

A complete bibhography wdl not be presented for reason that much foreign 
literature is not available and various reports by mihtary agencies remam classi- 
fied and not accessible Adequate general reference lists may be found m earher 
pubhcations (1, 2, 3, 4) and m the Annual Reviews of Physiology (1941 to 1946) 
Mihtary exigencies largely determmed the direction taken by the studies of the 
war years and have emphasized their importance (6, 6, 7, 8, 9) Though man 
hves and works m aU naturally occurnng climates, the equipment m mihtary 
operations (tanks (10), ships (11, 12), airplanes (13)) and the reqmrements for 
special clothing, may create local ambient or personal conditibns which are m- 
tolerable This, and the need at all tunes for maximum efficiency m mihtary 
personnel, have resulted m the greater bulk of the work of the past five years 
bemg directed to the followmg 

A Extension to extreme ranges of the more precise work of the Pierce Lab- 
oratory, Russel Sage Institute, etc 
B Further attempts to define the upper level of tolerance to heat 
C Enlargement of studies on acclimatization, its nature, course and duration 
D Efforts to devise means for evaluation of total thermal stress from known 
ambient conditions, and correlation of the physiologic responses of man with 
total thermal stress 

Because of the large number of variables mvolved and the requirement for 
immediate answers to problems of mihtary importance, practically all work has 
been limited to studies on young, healthy men Little work has been reported 
on women, children and the agmg (14, 16, 16), with only an occasional reference 
to the unfit or diseased (17) That differences may be great with respect to both 
tolerance and acclimatization as the result of mdividual factors, age, or disease. 
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IS a common observation of nil who have worked m the field The important 
rfile of age and fitness has been commented on (18, 19, 20, 21, 22, 23, 24, 26) 
The characteristics of mihtaiy population, their selection, and fitness, and the 
requirement for limitation of vanables m physiological mvestigation resulted, 
therefore, m a great deal of work which is of considerable mterest physiologioally 
and directly apphcable to young, healthy, male populations engaged m specified 
types of activity Ketension of results to mdustrial and demographic problems 
is limited 

Matheuaticai, ooNBiDEnATioNa. The physical laws of heat transfer are use 
fully employed m the analysis of thermal relations between man and his environ 
ment Most of the recent work m this connection stems from the systematic 
investigationB of the Pierce Laboratory 
It IS evident, however, that the complex physiological variabihty of the human 
body precludes the possibility of formulatmg ngid equations which fully describe 
thermal relations under all conditions Thus, any equation developed by mathe- 
matical analysis must be regarded as an over simplified statement which may fail 
to predict behavior m mdividual cases, not because the physical laws are inap- 
plicable but for the reason that all variables are not properly mcluded Diffi- 
culties m this regard are overcome to some extent m experimental work by a 
statistical approach, working with large numbers of observations on many sub- 
jects. In this way, trend hues are established m spite of the scatter of mdividual 
observaticsia, from which useful physical constants are derived 
llVlth proper recognition of its Imutations as well as capacities, an understand- 
mg of the math ema tical approach is essential to a thorough analysis of the prob- 
lem 

1 Heal Balance Equaltm Mathematical analysts, as developed at the Pierce 
Laboratory, starts with the basic equation of heat balance 

M+D-r^R+C+E 

where M » metabohe rate 

D ■- rate of change of body heat content 
R, C and E — rates of heat exchange with the environment by radiation, 
convection and evaporation, respectively* 

V — rate of heat exchange by respiration 
The terms to the right of the equality sign may be re-wntten, m accordance 
with the established laws of heat transmission, m terras of the coefficterUt of 
heat exchange and temperature and vapor pressure gradients 

M' + D^K A(U - t.) + -t,) + KAiVP. - VP.) (2) 

iNoto that D R and C may have positive or negative vaioea D (heat debt) is positive 
when the body is cooling, R and C ere positive when the environmental temperatures aro 
lets than skin temperature Note, also, that these are all raiet ot exchange — heat units 
per interval of time 
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where = M — V 

A — body surface area 
t, = average skm temperature 
tw = mean radiant temperature of surroundmgs 
fo = air temperature 

FP, = vapor pressure of water at temperature t, 

VPa-= vapor pressure of moisture m the air (= per cent R H X 
yP at fa) 

Kt, Kc and K, = coefficients of heat exchange by radiation, convection and 
evaporation 

The temperature and vapor pressure gradients can be determmed by direct 
measurement The coefficients, however, are not predictable from physical 
relationships and must be determmed experimentally 

2 Coefficients of Heat Exchange A Radiation The Stefan-Boltsnnan 
equation for heat exchange by radiation apphes to man as well as to physical 
bodies It has the form 

R = KAr{T\ - K) 

or R = KAr[Tl - QT](t. - f„) + 4!r.(f. - - (f. - «„)»](<, - Q 

where K = universal radiation constant = 4 92 X 10“® Cal /M*/hr 
Ar = effective radiation area 

T, and = mean radiation temperatures (absolute) of the body surface 
and surroundmgs, respectively 

This equation may be simplified to 

R = KrA{t, — ty,) 

where Kr = KUr/A)[Tl - 6l1(f. - Q + - f„)* - (t, - K)*] 

At/ A = ratio of effective radiation area to total body surface 
Over a moderate range of wall temperatures, Kt remams substantially constant, 
the theoretical value (At = A) bemg as follows for the assumed values of ta 
andfi. 



t. 

Kt 

20 

32 

6J2 

30 

33 

67 

40 

36 

60 

50 

38 

63 


The ratio Atu been determmed experimentally at Pierce Laboratory (26, 
27) and at the Armored Medical Research Laboratory (28), with the followmg 
reported values 

Sitting, nnde and lightly clothed ® 

Standing, nude ® 

Thus, m a hot environment, a standmg man (A = 1 8M*) gams by radiation 
63X09X18 = 10 Cal /hr per degree C temperature difference between sur- 

* Surrounding surfaces are taken to be great compared with man’s body area 
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roundmgB and body surface Heat transfer by radiation is, of course, independ 
ent of air movement and, for practical purposes, is not influenced by the mois- 
ture content of the air Against the long wave radiation encountered mdoors, 
ordinary clothing behaves essentially like black regardless of color and, aside 
from the sU^t mcrease In effective radiation area, the effect of clothing upon 
radiation eitchange is negligible Of the three coefficients of exchange for man, 
Kr w most firmly established. 

B ConKchon Heat exchange by convection vanes mth air movement 
Even under still air conditions (no positive air movement, deliberately mam 
tained), natural convection is established around the body and the greater the 
temperature difference (( — 1,), the stronger is the air moioment, m proportion 
to the fourth root of the difference The effect of positive air movement is to 
superimpose an added velocity effect which, even with low velocities, exceeds 
the influence of natural convection, so that m an equation expreasmg the relation 
between K, and r, the natural convection component can be ignored Thus, 
the sunple expression 

K. = K)Vi 

has been found adequate to describe the relationship over a wide range of veloci 
ties (16 fpm to 600 fpm) It will be noted that when p — 0 m this equation, 
K, — 0, lie velocity, hownver, is the absolute value and mcludes natural convec 
tion so that, m practice there is no such thmg os sero velocity, and heat 
exchange by convection is never absent (except when — 1. = 0) Experi- 
mental detenmnabons of K, have shown that it is highly variable , it vanes with 
body build, the position of the body and for the same measured velocity it will 
take different values depending upon the direction and complexity of air move- 
ment Under still air conditions values differ because of movement of the sub- 
ject and variability of natural convection currents Working with complex 
vertical air movement around the sittmg subject, the foUowmg relationship was 
established at the Pierce Laboratory (27) 

fC, ~ 1 04-\/p (cm /sec ) 

The velocity, in this case, was measured m the emptj booth smee mconaiatont 
values were obtained when readmgs were taken m the occupied chamber At 
Fort Knox, in a wmd tunnel with linear horizontal flow, and with subjects stand- 
ing nude, the relationship was found to be (28) 

K, = 0 7i-\/v (cm./Beo ) 

Lack of agreement between the two is accounted for by differences m test ar. 
rangements 

The rate of heat loss by convection per unit of body area from h^t clothing 
was found not to differ greatly from that of the nude man, despite the greater 
area of the elothing This does not hold true, of course, m the case of bulky 
winter clothmg 

In round numbers, a convection coefficient of 2 0 for still air was found by the 
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Pierce Laboratory This is about one-half the value of the radiation coefficient 
Thus, under comfortable conditions with 25 per cent evaporative heat loss, 
losses by radiation and convection would be 50 per cent and 25 per cent, respec- 
tively At higher air velocities, however, the proportions are (hfferent At an 
air velocity of 100 fpm, Ke is approximately 5, and the partition of losses would 
be‘ B = 25 per cent, 22 = 32 per cent, (7 = 43 per cent 

Compared with Br, the value of Ke is less well established, although the mathe- 
matical form of its relation to air velocity can be accepted 

C Evaporattcn Physically, the rate of evaporation from a wet surface vanes 
with the area and shape of the surface, with the vapor pressure gradient and with 
air velocity Vanous empincal and semitheoretical equations have been de- 
veloped which are helpful m considermg human evaporation, but only to a 
limited extent These physical equations are for surfaces which are completely 
and contmuously wet — a situation which apparently never occurs m the case of 
man As a consequence, the term K, contains a vanable factor of wetted area as 
well as the others properly mcluded m the coefficient The degree of wetness 
vanes from a minimiim vmder conditions of normal comfort when no active sweat- 
mg takes place, up to a maximum value m extreme heat when the sweat rate 
exceeds the evaporative capacity 

1 Maximum evaporative capacity The mathematical significance of the 
evaporative mechanism was developed by Gagge (29), who determmed expen- 
mentally an apparent maximum value of approximately A, = 3 0 at a smgle 
air velocity (8 5 cm/sec , vertical) for sittmg subjects (nude) m a moderately 
severe environment More extensive data obtained at A.M R L , Fort Knox 
(28) on standmg nude men m a linear honzontal air stream gave the foUowmg 
relation between K, and v for conditions of maximum evaporation 

Kt— 1 84 a® (a m cm /sec ) 

At 8 6 cm /sec , the Pierce Laboratory velocity, this gives A, — 4 06, or some 30 
per cent greater than the value reported by Gagge Differences m test arrange- 
ments as well as more severe environments imdoubtedly account for the higher 
Fort Knox figure 

The exponential form of the equation is m agreement with the relationships 
developed for physical bodies such as spheres and cyhnders It is of mterest that 
the coefficient for Trinn is considerably below the values for simple physical bodies, 
suggestmg that even under conditions of maximum sweatmg, only a fraction of 
the body area is utihzed m evaporation 

2 Less than maximum evaporation In environments not sufficiently severe 
to mduce maximum evaporation, the sweat rate is adjusted physiologically to an 
amount which satisfies the heat balance equation Evaporative heat loss is 
then given by the equation 

E = KUiVP. - VPe) 

where K] = A. 4-* 

A 

— = effective evaporative surface, relative to maxi m u m . 
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The process of adjustment is complex and does not lend itself to direct mathe- 
matical descnption An increase in skin temperature accompanies the mcreased 
sweatmg rate and thus reduces the heat gain by radiation and convection, which, 
in turn, lemens the requirement for evaporation This mutual adjustment con 
tmues until a kmd of physiological balance is obtamed Under equihbmim con 
dltions, wo may write 

A. il' - R - C _ M>- K,A(t, - t.) - K.A(Jt, - (.) 

A ~ Bmax K.AiJP. - VP.) 

Empmcally, VP, ■= 2 6 — 45,' from which 

A. M' - K,A(t. - O - - ( ) , . 

A ” K.A(2 5t, - VP. - 46) ' ' 


It is evident from this equation that is a function of skin temperature as well 


as of the environmental conditions 


As a consequence, the value of ^ cannot 


be calculated from this relationship for a given environment without an inde 
pendent means of predictmg t„ It is true that t, docs not vary greatly, but even 
a difference of I'C m an assumed \aluo of t, would cause a considerable change m 
the ratio For example, assume an environment of ( — i, = 40°C, VP, — 
13 mm, r = 10 cm /sec., (K, = 6 7, if, = 2.3, K, — 4.3) For (, = 34'C, 
AJA — 0 86 A 1° mcrease to ( = 35°, however, decreases A,/ A to 0 71, accord- 
ing to this equation No mathematical means has yet been densed for solving 
this dile mma . 

3 Upper ItrniU of esaporattoe capaaty In view of the maximum value of if,, 
it has been suggested that there are limitmg combinations of temperature and 
humidity (for any gii-en air velocity) for evaporatiie control bej ond which ex 
ccssiie body heatmg occurs Usmg an evaporative coefficient of 3 0 and an 
assumed constant skm temperature of 36 6°C, such limiting i alues of dry and 
wet bulb temperature were calculated (30) It has been found, however, that 
the skm temperature is not constant under all combmations of ther mal stress 
which ehoit maximum evaporation Hence, the hnes thus calculated will not 
state the case correctly At t. ■= f, — 49°0 and r — 16 cm /sec {K, “8 0, 
if , ■= 6 4), for example, wo find for 1 — 36 6°C that the limitmg VP. — 11 mm , 
takmg t, “ 37°C, on the other hand, increases the limitmg value of VP, to 
lOO mm Thus, by assummg only slightly higher skm temperature, the ao 
ceptahle moisture content of the air has mcreased 60 per cent It is evident that 
until an mdependent means of predicting 1, is developed, such calculations are of 
litmted value 

3 Equilibrium State Provision is made in the basic beat balance equation 
for any changes which occur in body heat content, so that the equation is appli 
cable at all times, whether the subject is m a steady or changmg ther mal state 


*The Bunple linear equation hoida with little error over limited rangei of temperature, 
inch ai the range in vajiabilitjr of eidn temperature conaldered here 
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When man passes from a normal to a hotter environment, he heats up Be 
cause of his considerable heat capacity and highly flexible sweatmg mechanism, 
the resulting mcrease m body temperature is commonly not great and may escape 
attention Nevertheless, there is an mcrease m body temperature which con 
tmues until a new equflibnum is established (provided the subject remams m the 
environment and his normal physiological processes of thermal adjustment are 
not altered) Obvioudy, it is important to know how long a period is required to 
approximate the new equihbnum state 
The change m body heat content can be written 

D = SWiflMr + 6Af») 

where S = specific heat of body 
W = body weight 

Air and At, = raies of change of mtemal and skm temperature. 

a and b = weightmg factors which proportion body heat m relation to 
mtemal and skm temperatures 

In terms of the calculus, the heat balance equation can be wntten 
~ ^ (adtr + bdis) + Kri« -i- K.^ (45 + VPa) - 

(Kr + Kc + 2 5 K.)t^ dd 


where dir, dl, = differential changes of body and skm temperature 
dB — differential tune mterval 

Body and skm temperatures are mutually dependent, and, over a limited range 
we may write tr = m nt,, from which dU = ndt. 

In a given situation, the terms [M^ + KrUe + Kcta + if. (45 + VPa)] and 
(Kr Ke + 2 5K,) are constant Calhng these C and (P, respectively, we may 
write 


/STF , , , . f c 

- + _ 


dt. 


C'di. 



which gives 

t - t 

12 = e sirtoB+fc) 

t. - to 

where to = mitial skm temperature 

t, = new equihbnum skm temperature 
t, = skm temperature at tune, 9 

This equation has the form of the common law of equihbnum and with it, the 
time required to reach any given percentage of equihbnum can be calculated, 
provided the values of the several factors are known It will be noted that the 
relationship is mdependent of the environmental temperature, that is, the time 
required to make 50 per cent (eg) of the adjustment to the new environment la 
the same regardless of the magmtude of shift from one environment to the other 
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The rate of body heat production also has no direct influence* On the other 
hand, the signiflcant factors are 1, pertaining to the environment the coeffi 
oients of heat transfer, K, and K„ and 2, pertammg to man heat capacity 


per imit area, 


i Siy 

A 


and circulatory mdices, a, b and n 


The relationship le com 


parable to the process of adjustment to an atmospheric contammant, such as 
benrol Continued exposure to the beniol vapor results m a buildmg up of con- 
centration of the contammant m the body, the rate of mcrease becoming less 
as equilibnum is approached The ultimate body concentration is directly pro- 
portional to the atmospbenc concentration but the time required to make the 
adjustment is the same rnth 1000 ppm in the air as with 10 ppm. The rate is 
dependent upon the volume rate of breathmg and blood solubflity (comparable 
to Kr, K, and K.), upon blood cuculation rate (compared with o, b and n) and 
body weight (heat capacity) 

Data are limited with respect to the values of a, b and n For a limited range 
of exposures for restmg subjects, a and 6 have the reported values J and 1 re- 
spectively (31, 32) From A-M JIX data, n for standmg subjects exposed to 
heat may be taken as } Usmg these values and assummg an average man 
TT •=■ 70 Kg, d — 1 8 iO, S “ 0.82, wo find, for an air velocity of 30 fpm (iC, ■= 
67, K, •• 29, K, “ 60, and C* — 21 1), the value of the exponent to be —1 189 
Thus, the tune required for 50 per cent adjustment is 0£9 hour ■= 36 minutes 
and 2 hours — 33 mmutes' exposure is necessary to attam 96 per cent of the tem- 
perature rise to the new equilibnum At a higher velocity, say 600 fpm (Kr “■ 
6 7, iC, ” 13 0 and K, = 16 4, D = 68 0), the oorrespondmg times are 13 min 
utes end 66 mmutes 

Fq iiilih niim adjustment, as dehneated by the above equation is, of course, 
oversimplified, and ignores certam phymologioal aspects of the problem to a con- 
siderable degree, as will bo seen from later discussion Considermg its physical 
basis, however, it is evidently a close approximation of the true situation, and 
despite the limited knowledge of the magmtude of certam factors m the equa 
tion, especially o, b and n, and the varlabflity of others, the predicted values m the 
forogomg example are m appronmate agreement with experience Thus, m one 
of the Fort Knox experiments (33), the temperature rise curves are found to be 
exponential, m accordance with the equation and to approach equilibrium at the 
same rate for all environmental conditions, varymg from moderate to extreme 
These curves yield an average exponent of 1 08 9, which compares well with the 
values calculated abore 

The time rate of approach to equihbnum is an important factor in desi gnin g 
oxpcninonta for the quantitative study of thermal physiology and m the mterpre- 
tation of results Experiments of short duration are bmited to the steep part of 
the equilibrium curve where the change m body heat content, D, which can be 
detenmned only indirectly, has the greatest value Observations are the least 
stable, not only for the body ns a whole, but more particularly, from one part to 


* Tke ultimalo equilibnum level q toward which the suhjeet le tending ie a funetion of 
the metabolic rate 
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another To illustrate the specific heat per unit area is much smaller for a leg 
or arm than for the torso Thus, other thmgs bemg equal, the rate of adjust- 
ment m the torso is slower Readmgs are subject to relatively greater error 
than under steady-state conditions and may even lead to erroneous conclusions 
respectmg the relative influence of different factors For example, consider two 
physically eqmvalent environments with respect to the combmed effects of 
radiation, convection and evaporation, such that they produce equal skm tem- 
peratures at equflibnum, one with relati\ely still air (Kr = 6 7, Zo = 2 5, K, = 
4 4) and the other with high velocity (Kr = 6 7, iT* = 13 0, FT, = 16 6) The 
respective values of the exponent m the equflibnum equation would be (for the 
average man) —1 08 0 and —3 3 6 Hence, at the end of one hour of eiqposure, 
under the still air conditions the skm temperature will have mcreased only 65 
per cent of the ultimate rise whereas with the high wmd velocity m the second 
situation, 96 per cent of the adjustment will have occurred For a 6° TnaviTmim 
mcrease, there would be a 2“ difference m t, at the end of one hour exposure, 
from which it might be erroneously concluded that the two environments were 
not equivalent 

The concept of eqiuhbnum is important m the consideration of upper hmits of 
tolerance to heat The statement is frequently made that a given environment 
IS mtolerable because it imposes a thermal demand beyond man’s capacity of 
adjustment and, hence, his abflity to mamtam a constant body temperature 
By rmphcation, and often directly, it is concluded that the body temperature 
wiU contmue to rise so long as the subject remams m the environment Such a 
conclusion is erroneous (assummg that maximum sweatmg rate, circulatory 
capacity and other physiological limitations are not exceeded) The process of 
heatmg up is a temporary one and contmues only until a higher skm temperature 
IS reached where E balances M + R C The equilibrium phenomenon has 
been demonstrated even m environments well beyond the practical physiological 
hnut of tolerance, mvolvmg marked mcreases m both mtemal and skm tem- 
peratures (33) 

4 Equivalent Environments An aspect of thermal physiology of very con- 
siderable practical as well as fundamental mterest has to do with the question of 
eqmvalence of environments Smce the three environmental avenues of heat 
exchange, radiation, convection and evaporation, are capable of mdependent 
variation, it is evident that different combmations can have the same summation 
effect and thus be eqmvalent At the outset, however, m an analysis of eqmva- 
lence, it IS necessary to define the criterion of equahty This has been done m 
various ways, as subjective, m terms of relative comfort detenmned by test 
subjects (e g , the “Effective Temperature” of the A S H V E ) , physiological, 
by an empirical combmataon of physiological mdices (23), physical, derived m 
various ways from the mathematical equations of heat exchange (30, 34) 
Each has its own particular advantages and limitations and agreement between 
them m respect to equivalence of environments is not necessarily expected, owmg 
to basic differences m the mitial criteria of equahty Difficulty arises from the 
fact that two different sets of factors must be combined , not only must the proper 
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combbation of the phitical environmental factorB be disoovered, but also, it is 
necessary to combine properly a group of complex physiological factors iThich, 
together, dotermme the total stram and which, at the present time cannot bo 
described m absolute terms 

The present discussion will be limited to mdices havmg mathematical orlgm 
A. Operative temperature Heat exchange by radiation and convection, given 
by the equation R + C = KrA{i, — 1.) + — O.maybore-wntten (34) 


where 


K. ~ Kr + K. 

, _Krtr+K.i. 

K, + K. 


The combined temperature, i,, called the Operative Temperature, property 
weights the effects of the two elements, R and 0, accordmg to their respeetive 
coefficients and gradients. Thus, ail environments havmg the same i, are said 
to be equivalent In that they impose the same calonc demand by radiation and 
convection It is to be noted, however, that this is true only if K, remain s the 
same For other K, values, given by different am velocities, the effect upon skin 
temperature will be different, necessitating further compensation m environmen- 
tal temperatures to keep t, and K + C the same 
B Equtcalence m terme of skin temperature Hetuming to equation (3), and 
solvmgfort,, 

M'/A + KJ^ + K.t. + K.^ {VP. -1- 46) 

“ 7 A \ 

f2 6K:.^-fjs:, + ii:,j 


By defimtion, one could say that all environments givmg equal (, values by this 
equation are eqmvalent It will be noted, however, that the value of A,ix 
la not deffnitely known, so that the equation has httle practical value until 
another relationship between j4^j or t, and environmental stress is developed 
In general, it appears that skm temperature mcreases with air and wall tempera 
tures but for any given combination of temperature and atmospheric moisture 
content, t, decreases with mcreaaing air velocity Thus, it is evident that there 


A 

is no direct correlation with evaporaUvo demand and sweat output also 

decreases with mcreasmg air velocity m any given environment below thoee 
which elicit maximum evaporation, ra accordance with the equation 


dl 

A 




i. 
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where c and d apparently vary with environmental temperature and moisture 
content (or the gradients of temperature and vapor pressure) These mdica- 
tions emerge from Nelson’s data (28), which, however, are not extensive enough 
to permit the determmation of the actual values of c and d m relation to the 
thermal stress 

6 Physt<xdl7i8irurnent8forMeasimngEqutvaleTice Many attempts have been 
made to develop a smgle mstrument which reqionds thermally to the environ- 
ment m a manner correspondmg to the human body, thus providmg a smgle 
equivalent thermal mdex of the environment m place of the four separate factors 
radiant temperature, air temperature, moisture content and air movement All 
such attempts have faded for several basic reasons first, the coefficients of heat 
exchange of the instrument have not been like those of man, but more impor- 
tantly, no provisions have been made for eqmvalent slon temperature variation, 
which mvolves m the human body changes m mtemal conductance and m sweat- 
mg rate and distribution. With the body coefficients of heat exchange known, 
it would not be difficult to design an mstrument havmg the same coefficients, 
but it IS not hkely that the complex vanabflity m mtemal conductance of the 
body and evaporation rate can be duphcated Thus, it apjiears doubtful if the 
objectives of such an mstrument can be met A physical mstrument with the 
proper coefficients and mamtamed at a selected average surface temperature 
would, however, provide a useful mdex of the coohng power of the environment 
although it does not appear that it would provide any basic information beyond 
that given by separate measurements of ia, U, v and VPa 

Phtbioloqical effects of heat The heat balance equation given above 
descnbes a state Physiological disturbances m the organism result from m- 
crease m body heat content with concomitant temperature nse, and from opera- 
tion of the homeostatic mechanisms of temperature regulation Most studies 
have dealt with measurement of the basic change, i e , mcreased mtemal (rectal) 
temperature and with the associated effects upon the circulation and volume of 
sweatmg, smce these are convement and easily measurable mdices of the degree 
of stram upon the organism Further evaluation of the physiological effects 
may be made by means of the appearance and behavior of men, the subjective 
state, functional efficiency, and the occurrence of heat exhaustion (18, 19, 21, 
25, 33, 36, 36, 37, 38, 39, 40) In the mterpretation of any observations it is 
important to keep m min d that the basic physiologic change is an mcrease of the 
body heat content associated with the new equihbnum level, and that the 
capacity of the mdividual to perform efficiently is the only defimtive cntenon of 
overall effect, most other phenomena bemg evidences of load upon the homeo- 
static mechanisms The lack of abihty to predict performance on the basis of 
evidence of circulatory system stram or mcrease m body heat content alone, has 
been emphasized (21, 25, 41, 42, 43) 

1 Body Temperature and Gradients Smce the time of Claude Bernard ( ), 
the temperature of the mtemal mass of the body has been the subject of specu a- 
tion and study, and it is recognized that there are local vanations m g^era 
order and direction of the fluctuations m temperature which change wi ac 
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tivity, alterations m local circulation, ambient temperatures, time, level of ther- 
mal equilibniim, etc (1,3,46,40) The rectal temperature properly measured 
has been accepted by practically all worleta as tie arbitrary index of mtcmal 
body temperature Spealman (47), however, beheves that temperatures taken 
within the stomach are possibly a more reliable index of deep body temperature 
thim measurements made within the rectum, because the dose proxirmty of sur- 
roundmg cold water to the junction of the rectal thermocouple may cause falsely 
low readmgs. Our own observations do not support this. 

It is to be expected that lags will occur m any changmg state Ibe tempera- 
ture of the mtamal organs responds somewhat more promptly to heatmg and 
cooling than does the rectal temperature, the temperature of the viscera reBect- 
mg the changes m heat production of these organs, and significant thermogcnesiB 
occurs m the mtestme of dogs (48, 49) In thermoelectric measurements of blood 
in the aorta, portal and hepatic veins, the lowest temperature was found m the 
aorta and the highest m the hepatic vem That the viscera are largely respon- 
sible for heat production and that resting muscle contributes httle is pomted out 
by Milhorat et ah (60) , who compared results from 60 normal mdividuals and 100 
patients with muscular diseases In pre pubertal patients muscular wastmg up 
to 60 per cent had no effect upon heat production and muscle wastmg m adults 
was disproportionnlly great when compared to slight reductions in heat produo 
tlon that were observed. Barcroft and Edholm (61) found temperatures of from 
18 to 44 degrees C m the brachioradialis muscle after immersion of the arm in 
water from 12 to 46°C They point out the various factors which determine 
local temperatures All of the recent work and earlier analysis (1) lead one to the 
inference that the concept of a gradient may imply a constancy of conditions 
which can exist only in highly controlled and constant situations. The thermo- 
geography of the body had perhaps best be looked upon as a senes of constantly 
shifting regional equilibria or exchanges, with differmg levels subject to the 
variables ojiorating at the moment Considerably more data will be needed 
before the pattern and order of magnitude of the subsurface thermal shifts can 
be eynthcsued 

The frequent employment of skm temjieratuie data in studies of thermal ex- 
change has provided a large volume of new observations, much of which has been 
mtegrated mto other studies (23, 28, 33, 41, 52, 63, 64) The moat satisfactory 
tool for measurement remams the radiometer as described by Hardy and DuBois 
(66) As pomted out above, the use of skm temperature alone has limited value 
m interpretation of evajwrative loss 

2. PenphertU Blood Flow, Vatomolor Regulatum. Earlier definitive studies 
(66, 67, 68) have established the rflle of dilatation of blood vessels in incre asin g 
heat elimination and describe the general distribution of vasomotor changes. 
Additional comprehensrvo studies by Shcard (60) and other workers (00, 61, 62, 
63) have further clarified the regional aspects of the vasodilatation at tempera- 
tures rangmg from 18° C to 34°C They found (ns have others) that the regula- 
tion of heat dissipation at comfortable environmental temperatures (23 to 30°C) 
IS accomplished chiefly by changes in the tonus of cutaneous vessels m the ex 
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trenuties At 18°C the superficial vessels of the head and trunk are already near 
maxunal dilatation while those of the arms and legs still show considerable con- 
stnction— the legs more than the arms Between 18 and 25°C, mcrease m heat 
dissipation is brought about by dilatation of the vessels of the arms and hands, 
and at high temperatures (25 to 30°C) additional loss is accomplished by dilata- 
tion of the vessels of the skm of the feet and lower legs Maxunum vasodilata- 
tion was maintained at ambient temperatures above 31 to 32°C, evaporative heat 
loss then meetmg additional need for dissipation In contrast to coohng rates 
of skin, which were exponential, two rates for warmmg were obtamed, consequent 
upon the effects of both mcreasmg mput (vasodilatation), and environmental 
gam Evidence is offered that the artenoles of the s lnn are capable of dilatmg as 
a result of direct effects of heat upon the vessel (63) When conditions are 
extreme, the central mechanism functions as an mtegratmg agency (as it does m 
the general re^onse to local heatmg) This central reaction is mediated by 
capillary dilator fibres of the sympathetic S5^tem 

Other studies (64) have pomted out the ease of producing mdirect vasodilata- 
tion by heat 

The time required for circulation m the forearm to reach equihbnum at various 
temperatures is mdicated by the studies of Barcroft and Edholm (61) who found 
at 46°C, that the flow mcreased to a maxirnmn m from 30 to 46 mmutes and re- 
mained constant thereafter These findmgs are very pertment m the hght of the 
many observations on the tune required to reach a steady state of thermal eqm- 
hbnum It would be very mterestmg to know whether this time for maximum 
dilatation is shortened by repeated exposure or general acchmatimtion The 
magmtude of the mcrease m penpheral flow has been mvestigated (66) Usmg 
a combmation plethysmograph and calorimeter embracmg the hand, flow rates 
of the order of 30 ml /lOO ml tissue m the hand were found at as compared 
with volume flows of as httle as 0 15 ml /lOO ml tissue with exposure to cold 
The maximum rates of flow were lower than some reported (66, 67, 68) 

The results of many workers have established that local temperature changes 
wiU mcite like genend and contralateral responses and heat acts as a coronary 
vasodilator, the effects bemg reflex m ongm (69) That cutaneous vasodflata- 
tion IS associated with correspondmg changes m muscle is demonstrated (61) 

3 Circulation Begmnmg with exposure and gam m heat storage evidence of 
stram upon the homeostatic mechanisms becomes evident and there is superficial 
vasodilatation with mcreased cutaneous circulation To compensate for the 
higher rates of penpheral flow, cardiac rate and output mcrease, blood pressure 
rises, and sweatmg begms (70) With extreme ambient conditions and when the 
heat dissipatmg mechanism is unable to mamtam the body temperature within 
the limit that is cntical for the mdividual, physiological breakdown occurs 
The manifestations are diverse, the outstandmg exhibit bemg madequacy of 
circulation with a forward type of failure Taylor, Henschel and Keys (71) 
reported results of 7,000 observations on pulse, blood pressure, rectal temi»ra- 
ture and rate of sweatmg of 43 subjects — ^before and durmg eiqiosure to dry ea 
for from 2-8 days Modified Crampton scores were calculated and the devia- 
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tions from control values noted Bean and Eiohna (21, 26, 72) have described 
ths cardio-vascular instabilit} in detail and elsewhere Eichna et al (33) present m 
tabular and graphic form observations on rectal temperature, heart rate, sweat- 
mg and skm temperature for a group of 13 experimental subjects exposed to en- 
virenments ranging from 92.4 to 98 TJ^Ti 92 to 120°F ) The potat is made 
that changes m the circulation do not always parallel or mdicate the capacity for 
overall performance They noted in their study of more difficult environments 
(T, 94 and Tj 94 to T, 91 and Tt 119.3) that some of their subjects experienced 
an adjustment like “second wmd” Dunng the first hour men worked with 
difficulty and had heart rates that tended to be higher than expected (an mcrease 
of about 26 beats/degree C nee in rectal temperature), while toward the end of 
the second hour men unproved and were In better coadibon Decrease in heart 
rate, despite a nsmg rectal temperature, occurred m some men m the second hour 
Disturbances were most pronounced dunng the changing state — subjects achiev- 
ing thermal equihbna for the test envirtmments m about two houra 

A. ImtabUtiy of arculation. Associated with the very oonsidemble shifts in 
circulation a degree of instablhty becomes evident When the stress is great, or 
after some hours of exposure, especially with work, mstabflity may become pro- 
nounced and its effects disabling (21, 23, 25, 71, 72) The instability becomes 
especially apparent in the upright position, a result of inability to achieve pos- 
tural adjustment The circulatory effects of the vertical stance have received 
much study and have been reviewed (78), and recent work under ordmary ther- 
mal oonditians has been reported (74, 76) Allen, Taylor and Hall (70) found 
that 20 per cent of 111 young men developed orthostatio insufficiency on the 
tiltboard at normal temperatures. These rates are like those of hSchna's (72) 
group of 160 men, 23 per cent of whom had orthostatio hypotension with syn- 
cope on imUal exposure to heat. An additional “abnormal” group (21 per cent) 
mcluded subjects who could remam erect lor 3 mmutes but whoso blood pressure 
was below 100 mm Hg and at least 10 mm. below levels under comparable con 
ditions m the cook After 8 days of work m the heat, only 1 0 per cent of men 
famted when tilted and 18 per cent fell mto the normal group Thus, 6 days of 
repeated exposure and trammg reduced the percentage of men with some degree 
of circulatory system madequaoy from 44 per cent to 14 per cent ADen (70) 
likewise found that trammg developed the abihty to withstand gravitational 
stress Interestingly enough he found that this capacity was not related to the 
ability to meet the stress of vigorous exorcise It would be helpful to have mote 
mformation upon the relationships between the abihty to withstand orthostatic 
stress in the cool (with and without work) and the caj;>aoity to maintam adequate 
circulation in the heat. 

The reasons for the poor return are not dear at this tune It is known that 
there is mcrease m the capillary bed with venous enlargement and relaxation and 
arteriolar dilatation is perhaps a critical factor (77) That venous pooling with 
reduction in venous return does occur seems inescapable, and additional data on 
the magnitude of reduebon m venous pressure produced by trapping of the blood 
in the extremities have been reported (78) The ability to prevent syncope m the 


^r>. 

I 



214 


WIUiAia) MACHIiE AND T F HATCH 

erect position by initiation of limited muscular activity m the legs, the apphca- 
tion of cuffs, and the common observation that elevation of the legs will prevent 
the fall m blood pressure, are all m support of the thesis that circulatory made- 
quacy is associated with poohng of blood m the extremities and deficiency m 
venous return At high temperatures the disturbances, however, comprise 
much more than a simple dispanty between the capacity of the vascular bed and 
the available volume of blood We have, unfortunately, no electromyographic 
studies m heat Warmth relaxes voluntary muscle and one suspects that lessen- 
mg m muscle tone with reduction m pumpmg action (79) may contnbute sig- 
nificantly to failure of adequate venous return 

Added loads other than posture have been mvestigated m relation to thermal 
stress and numerous reports have pomted out the detenoratmg effects of heat m 
the presence of shock-hke states (80, 81, 82) Whether mduced by hemorrhage 
or bums, high environmental temperature has a decisive influence m mcreasmg 
mortahty In this cormection, the disturbances m thermal regulation that 
occur m congestive heart failure are of great mterest Heat production may be 
mcreased m heart failure, but observations m cool climate (83, 84, 86) suggest 
that the high body temperature results from disturbances m circulation to the 
skm with resultmg impairment of heat loss 
B Adequacy of circulation The adequacy of circulation is contmgent upon a 
number of factors, important among which are the relationship between the 
blood volume and the capacity of the vascular system, and normal functional 
abihtj’’ to mcrease cardiac output by mcrease m rate and stroke volume Even 
with adequate venous return, relationships between pulse rate and cardiac output 
are comphcated and with exposure to high temperatures with great demand for 
penpheral flow and additional madequacy m venous return, it becomes impossible 
to evaluate the significance of mdividual ph 3 ^iological changes as isolated 
phenomena The imtial and often considerable elevation m pulse rates can give 
qmte an erroneous notion as to cardiac output and adequacy Pulse rates per 
degree mcrease m rectal temperature vary rather widely (from 20-30/mm ) 
but are considerable Pulse rate and blood pressure are mdices of the stram on 
the circulation rather than of the abihty to control rise m body temperature 
The general relationship is obvious, but not suflBciently close to be of value m 
mdividual mstances As Krogh (86) has observed, with an madequately filled 
heart an mcrease m pulse rate from 75 to 120 would result m a decrease m cardiac 
output from 3 1 to 2 9 liters These factors and the marked influence of muscu- 
lar activity upon lenous return, account for the differmg statements as to the 
effects of heat on cardiac output Wilkms, Hunt and Fnedland (87) reported 
only minor changes m cardiac output with w’armmg and coohng, which was at- 
tributed to the buffermg capacities of the circulatory system Earlier observa- 
tions have estabhshed that with mitial exposure, at least, there is some mcrease 
m cardiac output Asmussen (88), workmg with acclimatized subjects, found 
no significant differences m output m the first half hour of work, after which there 
was decrease m output, more marked m the hot climate than m the cool As 
work was contmued and breakdown began, a reduction m stroke volume of 20 
per cent associated with i er}’- high pulse rates was noted 
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Glickman et al (89) reported results on studies of blood volume as affected by 
heat Increase m plasma was noted m 6 experiments, decreases in 4 and no 
change m 14 Increases that were noted ranged from 6 to 13 per cent In 
instances where there was no change m plasma volume the red blood cell i olumo 
increased Reports on blood i olume changes contmue to bo confusmg With 
respect to Ghekman’s observations, it may bo noted that exposures wore qmte 
short (a few hours) and hydration was not maintamed When adequate tune is 
ailowed blood v olume increases up to 20 per cent or more may bo observed (63) 

One can thmk of few things which do not affect the blood pressure — high 
ambient temperature is no exception In general, significant devmtions are not 
observed except during the changmg state and dunng the period of instabihty in 
the first few days of exposure to high temperatures when there is a tendency to low 
values especially m the erect stance and precipitate drops maj occur before the 
syncopal attacks Tho fall may be m the systoho, diastolie, or pulse pressures 
(21,24,26,72) 

4. Streoltns The subject of msensiblo water loss has been reviewed Little 
new has been added smee by way of bade concept Barbour (91), m summam- 
ing his studiee of water movement m response to environmental temperature, 
emphasites the heat-conserving properties of vapor pressure changes as they 
affect the avmlnbflity of fluid for msensible loss and swoatmg 

Pinson (92), m study of water loss m skin areas in which the sweat ^ands had 
been inactivated, found that general exposure to heat caused increases m water 
loss, insensible perspiration bomg doubled by an mcrease m skin temperature of 
10°C Rate of blood flow acted only as it increased the skm temporature 

Tho variations in rate of sweating m different parts of the body have been 
studied under subtropical conditions (93) Tho most rapid rates of insensible 
loss were from the hands and feet, forehead, and checks, the loss being relatively 
alow from the trunk, arms, and legs Marked variations from area to area 
occurred In experiments corned out under extreme conditions very high rates 
of sweat loss have been reported (23, 33, 41, 62) Under severe conditions n 
sweat loss of 2.26 L/hour was common (33) The magnitude of the flmd ex 
change is apparent from these estimates. With an average man havmg 3 6 L 
of plasma (of which 3 2 L arc free water), men lost an amount npproxhnatmg 
70 per cent of the free water of tho blood In some instances the subjects lost 
from 3 3 to 3 9 L of sweat an hour, reprcsontmg amounts equalhng or exceeding 
(120 per cent) tho total blood water Under the experimental conditions tho 
maximum sweating rate was 4 2 L/hour and some men completed 4 hours of 
work while swoatmg at rates of 3 0 L/hour (amountmg to 4 times the blood 
water and about } tho total extracellular fimds) The significance of these high 
fluid losses will not be considered hero in relation to tho problem of fluid balance. 
Bare to say that witli adequate replacement there wore only small changes m 
cellular v olume and in the concentration of oloctrolytcs, decreases m serum so- 
dium, potassium and chloride concentrations being less than 6 m Eq /L (33) 
The r61o of o\ aporatire loss has been commented upon above and tho problems 
of rolatmg cooflicicnt of ei aporation, skm and air temperature and wmd velocity 
pomtod out Tiio mechanisms for control of swoatmg hare been studied (94), 
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and the ability of denervated sweat glands to respond directly to heat and 
mecholyl demonstrated (96) Eemote responses are however dependent upon 
the intact state of the motor side of the reflex arc The sensory side was found 
not to be necessary smce general sweating followed the action of heated blood 
upon the central nervous system 

Though the hmitmg capacity of the circulatory system is usually the determin- 
ing factor, failure of the sweatmg mechanism may limit adjustment to heat 
Collmgs (96) found cessation of sweatmg a prodroma m 26 per cent of cases of 
heat exhaustion in steel mill workers Others (40, 97, 98, 99, 158) descnbe cases 

of faflure of sweatmg mechanism designated as “thermogemc anhydrosis” The 
phenomenon was seen after prolonged exposure to desert climates, or it followed 
exposure to hot humid heat for 7 months (98) The regional distnbution of the 
anhydrosis was similar among the cases and like that which follows thoracolum- 
bar sympathectomy Smce sudomotor, pilomotor and vasomotor responses 
may be governed by the end organ, sweat gland, vessel, or pdomotor muscle, by 
reflex through the spmal cord, or by central hypothalamic control, the location of 
the dysfunction was sought (99) Response to heat, pilocarpme and mecholyl 
was one of complete anhydrosis m the affected area, with hyperhydrosis above 
Recovery was prompt m the cool, when repeat test ehcited normal response 
Despite the fact that chohnergic drugs failed to evoke sweatmg, it was not be- 
heved that the end plates were the site of mvolvement, smce mecholyl, etc , fails 
to stimulate sweatmg m cerebral lesions, heat stroke and thyroid crises Action 
18 viewed as an active cerebral inhibition which is sufficiently strong to abrogate 
drug effects A refractory state of the sweat gland itself has not been excluded 
(161, 152, 163) 

The disastrous effects of heat on patients havmg hereditary ectodermal 
dysplasia of the anhydrotic type is well known Studies of the effects of heat on 
2 of 3 brothers without sweat glands have been reported (100) Regional varia- 
tions m water loss were further studied m diseased subjects (101, 157) The 
existence of great variation m water loss m the absence of disease was evidenced 
by one subject, clmically well, but who complamed of undue fatigue when work- 
mg m hot weather Skin water losses under comfortable conditions (75°F , 
R H 60 per cent) were consistently below average normal, the difference being 
markedly accentuated m hot, humid conditions (105 Ta, 76 per cent R H ) 

A more recent contribution (17) demonstrates that the deficiency m circulation 
associated with congestive heart faflure, results m a reduction m sweatmg to from 
27 to 47 per cent below normal levels for the patient dunng the compensated 
state The deficiency was general, and even mild thermal stress was poorly 
tolerated by these patients 

5 Salt DepUlum Questions of salt reqmrement, methods of mamtaim^ 
electrolyte and water balance and the effects of water depnvation wiH not 
considered m this report except for mention where they have a direct bearmg 
upon the effects produced by heat j 

That high rates of sweatmg result m the loss of large amounts ^ ® , 

to a deficiency state with characteristic disturbances has been well establishe 
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(102), and recently, the salt deficiency states have been excellently portrayed 
(11) The Important relationship of salt mtate to cardiovasoular function and 
heat exhaustion received limited attention until the mvestigationa of Taj lor, 
Henachel and Keys (41) In a study of 34 subjects, they demonstrated that a 
moderate salt intake is essential for the mamtenance of cardiovascular function 
and the prevention of heat exhaustian Men on low salt mtake (6 grams) had 
higher pulse rates and rectal temperatures than did men on normal (13-17 
grams) mtakes. A sigmficant observation was that salt deficiency with reduo 
tion in plasma chlonde was not always associated with heat cramps but m many 
mstances led to heat exhaustion Failure to replace water leads to similar 
phenomena of dehydration exhaustion (18, 19) 

Recent opmion as to salt loss during exposure to heat is summariied m a report 
of the Council of Pharmacy and Chemistry (103) 

Studies of Pitts et al (104) led to results like those of Taylor, and mdlcate that 
while water replacement was best on an hour to hour basis, special circumstances 
are required to justify aaltmg of the water They suggest that the chlonde con- 
centration of sweat IS affected by 8 primary factors 1, a penpheral factor corre- 
lated with nlmi temperature, 2, a central one correlated with rectal temperature 
and rate of sweatmg, and 3, personal idiosyncrasy They found the rate of 
Bweatmg and salt content to increase with mcreasmg rectal temperature Taylor 
et al (41) found no correlation, and Horvath and Shelley (62) observed moreas- 
mg rates of sweatmg with unchanged rectal temperatures. Consistent differ- 
ences between subjects have been observed by all mvesbgators Morrena, 
Johnson, Forbes and Conaolano (106) found that chlonde changes followed the 
foregoing pattern of rcspanses (104) and that sodium was present in ooncentra- 
ticms almost ecpiivalent to chlonde and showed the same correlations with skm 
and rectal temperatures and with rates of sweatmg In contrast with sodium, 
sweat potassium mvanably decreased as work was prolonged and showed no 
correlation with the factors listed above 

6 MeiaboUtm and NuinUon Studies of restmg metabolism m the heat are 
comphcated by many factors and results are far from consistent, elevations, de- 
presaons, and no change havmg been reported Too many studies nejdected 
the factor of acclimatisation and the level of thermal eqnilibnum at the time 
There appears to be httle quesUon that dunng the changmg state, before ao- 
climatisation, and when the rectal temperature is elevated, significant in- 
creases m restmg metabolism occur and that these mcreases are in general m 
accord with the Van’t Hoff coefficient (106) After acclimatisation, however, 
low levels are a more uniform findmg (107) A detailed account of the course 
and magnitude of the lowermg in resting metabolism has been reported (108) 
In contrast to the above, others (21, 109) found no change m basal metabolism 
after from 5 to 10 days’ work m the heat, the subjects, however, exhibited eleva- 
tions in rectal temperature at the time 

A. Calonc rcqmramnte and tpeafio dipiamic actum of proletni No groat 
differences in the caloric requirement of man occur as the result of hi gh tempera 
turea Studies on rats haie mdicated a lessened requirement at high tempera 
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and the abihty of denervated sweat glands to respond directly to beat and 
mecholyl demonstrated (95) Remote responses are however dependent upon 
the mtact state of the motor side of the reflex arc The sensory side was found 
not to be necessary smce general sweatmg followed the action of heated blood 
upon the central nervous system 

Though the hmitmg capacity of the circulatory system is usually the detemun- 
mg factor, failure of the sweatmg mechanism may limit adjustment to heat 
Colhngs (96) found cessation of sweatmg a prodroma m 26 per cent of cases of 
heat exhaustion m steel mill workers Others (40, 97, 98, 99, 168) descnbe cases 
of failure of sweatmg mechanism designated as “thermogenic anhydrosis” The 
phenomenon was seen after prolonged exposure to desert climates, or it followed 
exposure to hot humid heat for 7 months (98) The regional distnbution of the 
anhydrosis was similar among the cases and like that which follows thoracolum- 
bar sympathectomy Smce sudomotor, pilomotor and vasomotor regionBeB 
may be governed by the end organ, sweat ^and, vessel, or pilomotor muscle, by 
reflex through the spmal cord, or by central hypothalamic control, the location of 
the djrsfunction was sought (99) Response to heat, pilocaipme and mecholyl 
was one of complete anhydrosis m the affected area, with hyperhydrosis above 
Recovery was prompt m the cool, when repeat test ehcited normal response 
Despite the fact that chohnei^c drugs failed to evoke sweatmg, it was not be- 
haved that the end plates were the site of mvolvement, smce mecholyl, etc , fails 
to stimulate sweatmg m cerebral lesions, heat stroke and thsoroid crises Action 
18 viewed as an active cerebral inhibition which is sufficiently strong to abrogate 
drug effects A refractoiy state of the sweat gland itself has not been excluded 
(161, 152, 163) 

The disastrous effects of heat on patients havmg hereditary ectodermal 
dysplasia of the anhydrotic ts^pe is well known Studies of the effects of heat on 
2 of 3 brothers without sweat glands have been reported (100) Regional varia- 
tions in water loss were further studied m diseased subjects (101, 157) The 
existence of great variation m water loss m the absence of disease was evidenced 
by one subject, chmcally well, but who complamed of undue fatigue when work- 
mg m hot weather Skm water losres under comfortable conditions (76°F , 
R H 50 per cent) were consistently below averts normal, the difference bemg 
markedly accentuated m hot, humid conditions (105 Tj, 75 per cent RH ) 

A more recent contribution (17) demonstrates that the deficiency m ouculation 
associated with congestive heart failure, results m a reduction m sweatmg to from 
27 to 47 per cent below normal levels for the patient dunng the compensated 
state The deficiency was general, and even mild thermal stress was poorly 
tolerated by these patients 

5 Sali Depletum Questions of salt requirement, methods of mamtai^ 
electrolyte and water balance and the effects of water deprivatim wm no 
considered m this report except for mention where they have a direc eanng 

le loss of large amounts of salt and lead 
disturbances has been well established 


upon the effects produced by heat 
That high rates of sweatmg result m t 
to a deficiency state with characteristic 
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(102), and recently, the salt deficiency states have been excellently portrayed 
(11) The important relationship of salt mtake to cardiovascular function and 
beat exhaustion received limited attention until the mvcstlgations of Taylor, 
Hensohel and Keys (41) In a study of 34 subjects, they demonstrated that a 
moderate salt mtake is essential for the mamtenance of cardiovascular function 
and the prevention of beat exhaustion Men on low salt mtake (6 grams) had 
higher pulse rates and rectal temperatures than did men on normal (13-17 
grams) mtakes. A significant observation was that salt deficiency with reduo 
tion in plasma chloride was not always associated with heat cramps but m many 
Instances led to heat exhaustion Failure to replace water leads to similar 
phenomena of dehydration exhaustion (18, 16) 

Eeccnt opmion as to salt loss durmg exposure to heat is summamed m a report 
of the Council of Pharmacy and Chemistry (103) 

Studies of Pitta et al (104) led to results like those of Taylor, and mdicate that 
while water replacement was best on an hour to hour basis, special circumstances 
are reqidrcd to justify saltmg of the water They suggest that the ohlonde con- 
centration of sweat is affected by 3 primary factors 1, a peripheral factor corre 
lated with skm temperature , 2, a central one correlated with rectal temperature 
and rate of swcatmg, and 3, personal idiosyncrasy They found the rate of 
Bweatmg and salt content to mcrease with moreasmg rectal temperature Taylor 
et al (41) found no correlation, and Horvath and Shelley (62) observed moreas- 
mg rates of sweating with unchanged rectal temperatures. Consistent differ 
ences between subjects have been observed by all investigators Morreira, 
Johnson, Forbes and Consolailo (105) found that chloride changes followed the 
foregomg pattern of responses (104) and that sodium was present m concentra- 
tions almost equivalent to chlonde and showed the same correlations with skm 
and rectal temperatures and with rates of sweatmg In contrast with sodium, 
sweat potasdum mvanably decreased as work was prolonged and showed no 
correlation with the factors listed above 

6 Mdaboltm and NulrUton Studies of resting metabolism m the heat are 
complicated by many factors and results are far from oonaistant, elevations, de- 
presBionB, and no change havmg been reported. Too many studies neglected 
the factor of acchmatiiation and the level of thermal equHibnum at the time 
There appears to be little question that durmg the changing state, before ao* 
climati ration, and when the rectal temjierature is elevated, significant m- 
creases in resting metabolism occur and that these increases are m general m 
accord with the Van’t Hoff coefficient (106) After accllmatiiation, however, 
low levels are a more uniform finding (107) A detailed account of the course 
and magnitude of the lowering m restmg metabolism has been reported (108) 
In contrast to the above, others (21, 109) found no change in basal metabolism 
after from 5 to 10 days’ work in the heat, the subjects, however, exhibited eleva- 
tions m rectal temperature at the time 

A. Catonc ngmrtments and tpeafic dynamic adum of protons No great 
differences m the calonc requirement of man occur as the result of hi^ temjxira 
turns Studies on rats have mdioated a lessened requirement at high tempera- 
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ture as evidenced by greater wight gam with similar mtake and activity, and 
study of the voluntary food mtake of Umted States soldiers did not reveal any 
measurable seasonal differences (110) This is m harmony with the observa- 
tions that no significant changes m efficiency of workmg metabolism as a result of 
heat are demonstrable at high rates of calonc expenditure Any differences that 
might be expected to result from the lessened requirement for heat production 
per se, would be quantitatively msignificant m relation to the overall expenditure 
Similarly, any heat production from the specific dynamic action of protems is of 
no consequence That it moreover is not measurable has been shown (109) 

B Vtiamtn requvremertis The situation as to optimal mtake of vitamms and 
the benefits of supplements has been greatly clarified Mills and colleagues 
(111, 112, 113, 114, 165) beheve that there is mcreased requirement m the ^at 
with mcreased need for cholme (6 x normal) It is doubted that these results 
are vahd as apphed to man Well-controlled human studies by others (109, 
116, 116, 117, 118, 119, 120, 121) offer convmcmg evidence that there is no in- 
crease m requirement or benefit from added supplements of vitamms or cholme 

Whether inferences as to requirement may be drawn from excretion levels 
alone is doubtful Dietary mtake is but one facet of a figure which comprises 
need, mtake, absorption, distribution, utihzation, excretion, etc With chmcal 
observations vahd for at least the duration of the studies, one is led to the conclu- 
sion that isolated observations on animals and on excretion, etc , are mterestmg 
but not definitive with respect to man 

The possibihty of mcreasmg the abihty of man to work m the heat by means 
of admmistration of specific substances has been attractive The results are 
disappomtmg (122, 123) Many of the symptoms of beat exhaustion are like 
those of adrenal msufificiency (124) This, and other reports (125) on the bene- 
ficial effects of adrenal cortex m hyperthermia led to its tnal m men workmg m 
hot environments No consistent effects wre noted (97, 106) 

7 Gaatro-Enienc Tract The anorexia, nausea, vomitmg, cramps and frequent 
diarrhea that often occur durmg high heat stress, reveal the pronounced effects 
which heat may have upon gastro-entenc tract function Explanation for the 
occurrence of these phenomena is not complete The voimtmg has been ex- 
plamed on the basis of rejection by the stomach of flmd that is not bemg absorbed 
because of limitation m blood flow to the stomach (88) Henschel et al (24) 
studied the gastnc emptymg time of 17 normal men at temperatures of from 
77 to 120°F In all but 1 the gastnc emptymg time was faster at the higher 
temperature , m 12 of the 17 a decrease of 30 per cent m time was seen at the 
higher temperatures A study of 100 men domg hard work at 120°F failed to 
reveal any anorexia or decreased gastnc activity except when actual heat ex- 
haustion occurred 

8 Thermal Regulation Thermal regulation contmues to be a matter of great 
mterest and has recently been reviewed (3, 46, 126, 156) Further hght uptm the 
factor of chemical regulation is offered m the report of Hardy (15) Ot er 
reports (46, 127) have been concerned with the character of the nervous control 
and thyroid activity A significant paper covermg clmico-pathologic studies of 



PnvaOLOQICAL KEBPONSEB TO HBAT 


219 


disturbances of temperature regulation m man has been presented by Davison 
(128) Four cases of hypertbennia and one case of hypothonnia ivero studied. 
In three oases of hypertbennia the losians responmble were sharply ciroum- 
Bcribed in the ventromedial tuberal nudei in the floor of the 3rd ventricle 

0 Acdtmalaatton Man is a homotbemuc animal capable of great mcrenscs 
m internal heat production He, moreover, hves in a constantly changing ther- 
mal environment, all of which requnes contmuous regnlatKSi to maintam ther- 
mal equilibnum at his normal level of mtemal tempomture Even short bursts 
of work with its hi^ heat production or minutes of interference with heat dissi- 
pation (hot rooms, excess olothmg, etc ) will increase heat storage and elevate 
internal temperature (164) With sustained mereased level of heat production 
or continued interference with dissipation, a new level of thermal equilibniium is 
established by the mdrvidual As this is repeated or contmned for days there is 
rapid acquisition of the ability to mamtaln the same or lower level of thermal 
equihbnum under the same conditions of stress, at less coat to the mdividual 
l^en the shift in temperature is moderate, the imbal load on the homeostatic 
mechanisms is minimal and often unnoticed Shght mcreascs m rectal tempera 
turo and pulse rate are nonetheless usual (129) When the change is great, and 
to an environment of high thermal stress, with mitial marked physiologicnl 
effects, the subsequent unprovement in performance and reduction m load upon 
homeostatic mechanisms is spectacular This acquired capacity entails complex 
readjustments, the mechanism for which is often conjectural It has been sug 
gested that shift of vasomotor control to thalaimc centers is entailed (22) 
Without regard to hypothesis, the process of acclimatisation is charaotenred by 
certam phenomena and changes which have been well studied and described m 
mvBstigationo earned out wlthm tolerable thermal limits (21, 23, 24, 26, 33, 41, 
130, 132, 183) 

A. General siaU: Bogmning with the first day and continumg at a decreasmg 
rate for from 8 to 10 days there is progressive improvement m the appearance 
and behavior of men Incidence of heat exhaustion, hoadaobo, dutmess, 
polypnea, gastroenteno tract symptoms, mco-ordination, imtabihty and depres- 
sion decrease progressively Moat of the improvement occurs m the first 4 or 
6 days and when acohmatmation is achieved the subject will often perform os 
wilhngiy and well in the heat as was formorly possible under temperate con 
ditions. 

B CtrailaHcn Choulatory system instabihty which is closely related to the 
production of many of the above symptoms, follows tho same general course 
dunng the acclimatisation (21, 33, 41, 71, 72, 131) Changes m heart rate are 
dramatic, the principal reduction occumng in tho first 4 or 6 days. 

C Rectal temperature Tho general course of tho rectal temperature is pro- 
gressively downward dunng acclimatisation, tho reduction bemg more gradual 
than that of changes m circulation or porformance At low levels of heat stress, 
normal levels may be reached m from 7 to 10 days — m general, levels of from a 
few tenths to a degree or more above normal still are encountered after 10 days 

D S\ceahng Hates of sweatmg uniformly increase during acelimatisation 
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though the magnitude of mcrease is widely vanable Increases m rates of 
sweatmg usually begm later (after from 3 to 5 days) than do other changes and 
may contmue longer and even augment later (41, 62) The lack of relation be- 
tween this phenomenon and the mean skm.and rectal temperatures was demon- 
strated m Horvath’s (52) study of 16 men acclimatized to severe conditions 
(T„93°F) Chlonde concentration tends to decrease durmg acchmatization 
(134) except m the presence of exhaustmg work 

There has been good agreement among most observers that the performance 
and appearance of men, degree of vascular mstabihty, cardiac rate and rectal 
temperatures when evaluated together, are so closely related to the state of ac- 
climatization as to comprise the most rehable mdices of the state 

The practical lumts of work and environment for which acclimatization can be 
achieved are reviewed below Limits for acclimatization are not only sharply 
defined but the adjustments mvolved m the acclimatization are easily disturbed 
Thus, a fully acclimatized man may exhibit any or all of the disturbances charac- 
teristic of the unacchmatized state if excessive rates of work are imposed (21, 
23, 24, 33, 71, 135) or if there is mtercurrent infection (7), loss of sleep, or alco- 
hohc mdulgence (21, 33) More importantly, failure to mamtam complete hy- 
dration (18, 21, 25, 136), calonc mtake (120) or salt mtake (11, 41, 104) will lead 
to -prompt detenoration m performance The same factors which enable good 
performance m the cool and which are related to good mitial capacity to perform 
m, and acclimatize to heat, are similarly important to the mamtenance of the 
acclimatization The acchmatized state is not only unstable with respect to the 
above factors but is also a temporary adjustment m that it persists for a limited 
time only With reduction m thermal stress, acclimatization is lost more slowly 
than it was acquired, the rate bemg mfluenced directly by the magmtude of the 
difference m the ambient temperatures (21, 24) A good state of acclimatization 
IS maintamed for 1 or 2 weeks with gradual loss thereafter, some men retam a 
fair degree at the end of 2 months In studies m the wmter months persistence 
for at least 3 weeks is usual (71) Repeated exposures at least 1 month apart are 
required to mamtam good acclimatization (21) 

E Factors influencing acchmatization A number of factors influence the 
abihty to acquire acclimatization and the rate of its development Eestmg m 
the heat is associated with a limited adjustment, but work withm limits of toler- 
ance IS necessary for full development Exposure and work m hot, dry environ- 
ments results m a partial acclimatization to hot humid conditions Repeated 
brief (1^ to 3 hrs ) daily bouts of work m the heat will acclimatize men but fullest 
adjustment is attamed most qmckly by graded, progressively mcreasmg work m 
the heat 

After acclimatization to one level of thermal stress, further acclimatization may 
be acquired for more severe environments (23, 33), and acclimatization to a high 
level of heat stress enables greatly enhanced performance m less severe heat 
(52) 

Long-term changes have not been studied under controlled conditions though 
the performance of men after months or years of work and residence m environ- 
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ments of high thermal atress is a matter of great pracboal importance and shorts 
term studies cannot be expected to elucidate these slowly changmg factors. 
These may be associated with detenoration, rather than improvement In adjust- 
ment and performance (4,137,138) Several reports (97,98,99)haye called atten 
tion to the instability of the sweating mechanism that may appear after memths 
of lesidencs in the heat and CoHinga ct at (96) noted stoppage of sweatmg m 28 
per cent of steelworkers pnor to breakdown — many of the men havmg had years 
ofexposuie Certainlywhenthestressishi^,detenorationcanoccurinamatter 
of hours or days (161, 162, 163) The character of the changes at low orders of 
stress maintamed for years is not mdicated. Investigation of the problem of 
deterioration is most urgent 

10 TKorfc in Hoi Erwtronmenls Work m hot environments imposes two addi- 
tive stresses, mcreased mtemal beat production, and added demands upon the 
circulation for the supply of muscle Detenmnatiojis of the relationship be- 
tween the stresses of ambient conditions, work and dehydration have been re- 
ported and reviewed (19, 133, 187, 189, 140) 

11 Upper Limit of Tolerance All of the factors which influence environ- 
mental stress, beat dissipation, heat production or the fitness of the man, become 
qualifying variables m any attempt to define limits of adjustment In addition, 
the ontenon of limit may range from discomfort to death. The relative signifi- 
cance of certain of these factors has been studied and referred to above Environ- 
mental, air temperature, water vapor m air, duration of exposure, air movement, 
radiation, clothing, constancy of stress. Individual, diseases, work, body sue, 
acclimatiiation, age, fitness, individual variation, posture, fatigue, water balance, 
salt mtake, caloric mtake, alcohol It is apparent that the large number of 
variables will limi t the appUcation of results of particular expemnents rather 
narrowly to the conditions and types of subjects employed. A further complica- 
tion arises in defimtlon of limi t of tolerance Should some level of performance 
be employed or should the convenient mdices of pulse and rectal temperture bo 
used? If the latter be employed and we accept the rectal temperature dunng the 
steady state as the index of the ezistmg level of thermal equilibnum, me faces 
the question of what constitutes an acceptable range of mcreaae m levels. Cer- 
tam limitmg values have been proposed (23, 188, 140) Attempts to relate 
psychophysiologioal performance to ambient conditians and to level of rectal 
temperature have not yielded very promiring results (141) 

Studies of Echna et al (33) have establiahed a series of environmental condl 
tions at which sustained work (4 brs , at 260 cal /hour) is easily possible, difficult 
or impossible aa a day to-day performance for periods up to one week. Their 
subjects were well tramed, fully acclimatiicd, young men, and wore mamtained 
on adequate salt and water mtakes. They found, ns had Haldane, that the T, 
was the most important factor m determinmg the upper limits of tolerance and 
a better mdex of climatic stress up to 120°7a than was Tj or the effective tem 
pcralure At T, up to Ol'f, men worked easily and efficiently, mamtainmg 
thermal equilibnum with rectal temperatures under 101°F Between this toler- 
able ambient level and T, 94°F (above which sustained work was impossible), 
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though the magnitude of increase is "widelv vannKio 
sweating usuaUy begin later (after from 3 to 6 days) than do h 

t^° t^^h augment later (41, 62) The lack i reS^ 

tv^ this ^enomenon and the mean skm^and rectal temperatures was demon- 

(T 93^) d" acclimatized to severe conditions 

Sf) JJnf ,^ 1 ? decrease dunng acclimatization 

(lo4/ except in the presence of exhausting work 

^ere has been good agreement among most observers that the performance 
appearance of men, degree of vascular mstabihty, cardiac rate and rectal 
temperatures when evaluated together, are so closely related to the state of ac- 
climatization as to comprise the most reliable mdices of the state 

The practical limits of work and environment for which acclimatization can be 
achieved are reviewed below Lumts for acclimatization are not only sharply 
defined but the adjustments mvolved m the acclimatization are easily disturbed 
Thus, a fully acclimatized man may exhibit any or all of the disturbances charac- 
teristic of the unacclimatized state if excessive rates of work are imposed (21, 
23, 24, 33, 71, 135) or if there is mtercurrent infection (7), loss of sleep, or alco- 
hohc mdulgence (21, 33) More importantly, failure tomamtam complete hy- 
dration (18, 21, 25, 136), calonc mtake (120) or salt intake (11, 41, 104) will lead 
to -prompt deterioration m performance The same factors which enable good 
performance m the cool and which are related to good mitial capacity to perform 
m, and acclimatize to heat, are similarly important to the maintenance of the 
acclimatization The acclimatized state is not only unstable with respect to the 
above factors but is also a temporary adjustment m that it persists for a limited 
time only With reduction m thermal stress, acclimatization is lost more slowly 
than it was acquired, the rate bemg mfluenced directly by the magmtude of the 
difference in the ambient temperatures (21, 24) A good state of acclimatization 
IS mam tamed for 1 or 2 weeks with gradual loss thereafter, some men retam a 
fair degree at the end of 2 months In studies m the winter months persistence 
for at least 3 weeks is usual (71) Repeated exposures at least 1 month apart are 
required to mamtain good acclimatization (21) 

E Factors mfluencing acdtmattzaium A number of factors influence the 
abikty to acquire acclunatization and the rate of its development Eestmg m 
the heat is associated with a limited adjustment, but work withm lumts of toler- 
ance IS necessary for full development Exposure and work m hot, dry environ- 
ments results m a partial acclimatization to hot humid conditions Ke^area 
bnef (U to 3 hrs ) daily bouts of work m the heat will acchmatize men but 
adjustment is attamed most qmckly by graded, progressively mcreaamg work 

^'Lg-term changes ha™ not been etnied under 
th^rionnanee of men after months or years of work and residence m 
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and -yvithout regard to type of onaet, there appears a tram of physiological dis- 
turbances which, when taken together, make up the clinical syndromeB of beat 
cramps, heat exhaustion, and heat stroke The syndromes are descnptive of 
the final states encountered and are practically useful m determmmg therapy, 
physiologically their ocourrence throws ligh t upon the character of the break- 
down of the overstressed homeostatic mechanisms The conditions enconn 
tered chmoally haiie been described m detail (11, 86, 37, 89, 40) The most 
spectacular of these syndromes, beat stroke, is characterised by coma, hyper- 
pyrexia, cessation of sweating and ciraulntory Mure Levels of hydration and 
salt content are normal and extreme levels of rectal temperature (108-112°F ) 
are encountered The second type, commonly difierentiatcd mto 2 syndromes, 
heat cramps and heat exhaustion, appears to have a common basis, the pattern of 
symptoms bemg datermmed by the relative importance of the effects caused by 
ououlatory system instabihty, salt deprivation, and dehydration (11, 41, 96) 
The importance of cessation of sweatmg has been pofated out above — It is fre- 
quently associated with unpendmg failure or stroke and may cause collapse with 
or without hyperthermia. The question of fatdgabihty of the mechanism has 
been investigated, the expenencea m the field suggest this is an important con- 
sideration and the reduction in capacity with time or excessive load of the homeo- 
static mechanisms is demonstrated m the studies of environments of high thermal 
stress (23, 24, 33, 161, 162, 163) 

Local metabohe and functional abnormahtics may result from altered homo- 
dynamics, deficient blood supply, or from the direct effect of temperature itself 
Additional evidence of the damagmg effects of heat upon the bram have been re- 
ported (147) Oxygen uptake of rat cerebral cortex was found to be greatly re- 
duced at temperatures of from 40-47 6°C (104-116T ) The rate of utihxation 
decreased more rapidly with tune as the temperatures were mcreased, becommg 
asymptotic at a level 10 per cent of that of control slices at 37 6°C In about 
half the experiments the oxygen consumption was constant for an hour or more, 
m the re main dec there was decrease with time begmning as early as 30 mmutes 
after thermal equilibrium The mhibition was reversiblo after 3 hours’ exposure 
at 40°C (104°F ) but after even 30 mmutes’ exposure at 40 8°C (106 4*? ) or 
higher, recovery was mcomplete after coohng Temperatures higher than 41 °C 
resulted in progressrrel} less complete recovery These findmgs are consistent 
with reports of sequelae followmg hyperthermia These have been reviewed 
(160) 


SOmiART 

No conclusions are drawn but the general pattern of the mvesbgntions prompts 
certam comments 

The researches of the last few years have demonstrated that the performance 
and state of man in relation to his environment is a measurable phenomenon 
with quahtative aspects often qmte dissimilar from the measurable differences 
m the components that together make up the whole Man ns a funotionmg 
organism is quite different m character than any of the systems mto which, m an 
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analytic approach, he may be resolved The lesson for philologists is clear, 
the overall performance of the mtegrated bemg should be the pomt of departure 
for research endeavors, and the yardstick by which the mdividual results are 
gauged Both types of activity are essential — ^it is only by sphttmg off bits that 
it becomes possible to provide the bricks for buildmg, and only by continuing 
and related study of the overall performance do we provide the observations 
necessary for defimtion of the mdividual problems, and the architecture of the 
whole 
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THE DEFINITION AND MEANING OF pH 
A G OGSTON 

Department of Bxochemtetry, Oxford, England 

This IS intended to be a cntic^ review of the meanings that are attached to 
the term “pH” Some of the prmciples underl 3 Tng the methods of measunng 
it are discussed, but not their experimental details 

There is need for a review of this sort smee “pH”maybear several different 
meamngs and smee, m spite of its umversal use, it is clear that many of its users 
are not aware of this fact It may be an exact or mexact statement of the 
result of a given method of measurement, it may represent an exact physico- 
chemical quantity, often it is used m senses which are physicochemically mexact 
and ambiguous 

The object of this review is to examine the possible meanmgs of "pH” and 
their respective usefulness m the h^t of well established physicochemical prm- 
ciples A convention of expression is suggested which should promote clanty 
and prevent confusion 

I Bulk Phases pH is most commonly used as a term of descnption for or- 
dinary bulk solutions It may serve two rather different purposes first, to de- 
fine empmcally a umque property of a solvent mixture (mcludmg buffer and 
neutral salts etc ) which shall determme the state of dissociation equihbnum of 
any given acid dissolved m it, m such a way that the same state of dissociation 
can be reproduced at will secondly, to form part of an exact physico-chemical 
expression of the state of dissociation 

The importance of the hydrogen ion as a factor controUmg the dissociation of 
acids and bases m solution was recognised when Arrhemus apphed the law of 
Mass Action to lomc equihbna Later it was realised that many substances 
of biological importance are weak acids or bases whose degrees of dissociation 
m part determme their biological activity 

In the modem termmology of Bronsted (1) and Lowry (2), any acid-base 
equihbnum may be expressed as 

A^B + H+ 

where A and B are conjugate acid and base and H+ represents, m aqueous solu- 
tion, the ion Apphcation of the clasacal hlass Action theory gives 

K = (H+) (B)/(A) (1) 

S0rensen (3) mtroduced the term pH as a convement shorthand for — logCH"*"), 
equation (1) is transformed to 

pB. = pK + log (B)/(A) (2) 

The use m this sense of pH was typographically convement, it allowed the whole 
range of solutions, from strongly acid to strongly alkahne, to be expresse on a 
compact graphical scale, equation (2) pves the useful syrometneal dissocia ion, 
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ionisation or titration curve and furthermore shows that pH defines the value of 
(B)/ (A) for a given value of K 

However, it became evident that equation (1) is not a generally valid exprcs 
Sion of acid base equilibria, the values of K were found to vary with concentra- 
tions of the acid base system and of neutral salts Q N Lewis (4) therefore 
introduced the concepts of "activity”, a, and "activity coefficient", / In 
ionic solutions these are usually related by 

a — fx 

where CIS the concentration, /is defined as approaching umty at infinit e dilution 
and at fiinite concentration is given such values as to make the value of K equal 
to that expressed in terms of concentration at infinite dilution Equation (1) 
becomes 


K = or - (H+) (B)/(A) X (3) 

Oi Ja 

We shall use the second form m the further discussion. 

The loganthmic form of (3) analogous to (2) is 

log H - log -h log (B)/(A) + (4) 

U 

It contains four terms in place of the three of equation (2) The "p” notation 
has purposely not been irod because there are two questions which first require 
answers 

1 Can equation (4) be satisfactorily reduced to three terms, by mcorporation 
of the activity ooeffidente m one or fnore of the other terms, so that it be- 
comes like equation (3)? 

2 What are the quantities m equation (4) that are measured by the means 
used for measurmg “pH”? 

These questions should be considered together because it is desirable that the 
result of an experimental determination of "pH” should correspond with one of 
the terms of equation (4) or of a modification of it. 

Consider first the ways m which equation (4) ml^t bo reduced to three terms 
1 The activity coefficients might be distributed amongst the other three 
terms, but this may be done only m certain ways Guggenheim (6) has shown 
conclusively that the activity or activity coefficient of a singjo sort of ion cannot 
be unambiguously measured or defined, this spphes more generally to any funo- 
tlon 


(/>r(/r)’(^r 


( 6 ) 


such that the algebraic sum of the iome charges of i, y, e , each multiplied 
by its exponent imnia that of the charges of s', y', s' is not sero The 
attachment of any numerical value to such a function must mvolve some ar 
bitrary assumption, and while the use of such a function may sometimes be con- 
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vement, it is easy to overlook the fact that an unphcit assumption has been 
made and, consequently, to become mvolved m an argument which can lead 
only to that assumption, perhaps m a disguised form 
The charge of B is always one unit more -negative than that of A It follows 
that there are only two cases m which the division of the activity coefficients is 
legitimate, that m which A cames no charge, when it is permissible to separate 
fB~ from /a , leadmg to 

VH = pK + log (6) 

where pH = — log(F+) /h+ /a", 

and that in which B cames no charge, which leads to 

pH = pK + log 

where pH = -log(H+) (7) 

These two defimtions of pH correspond with the quantities that are obtamed 
in certam measurements and will be discussed further 
One defimtion of pH is often used which is qmte illegitimate, this is 

pH = -log(E+) (8) 

Authors frequently refer to the “activity of hydrogen ion” or the “activity coeffi- 
cient of hydrogen ion” apparently thinkmg that they are bemg peculiarly precise 
and unaware that they are usmg terms which are physically undefinable and 
whose magmtudes are experimentally unmeasurable, unless some special ar- 
bitrary assumption is made about the magmtude of some other quantity m the 
system 

One such assumption may perhaps be justifiable, namely that tne properties 
of any ion depend only on its charge This may be approximately true m the 
range of concentrations to which the Debye-Hhckel treatment apphes, though 
even m such dilute solutions the radu of the ions have some effect The mean 
activity coefficient of any um-umvalent electrolyte may then be defined as 

Uf-=fl 

and 

pH = -log(H+) /± 

This IB sometimes a useful convention, but it should be recognised as being 
arbitrary 

2 The activity coefficients might be combmed with K to give a modified, 
variable “constant” But this is not m accordance with common practice 
which is to define E as a constant of the acid-baae system and to give it a value 
measured under specified standard conditions, which mclude the temperature 
and the solvent 
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3 The activity coefficienta mi^t be combined ■with (B)/(A) so that we should 
wnte 

logK - log {/D + log||] (9) 

There is no objection in pnnciplo to this, but it is not very useful Where an 
indicator or buffer is used, it is the ratio (B)/(A) that is measured or filed, 
where the behaviour m this solution of another electrolyte is considered, the 
activity coefBcients of its lomc forms and of those with which it interacts are 
required for the description, not those of B and A The thud term of equation 
(9) does not therefore supply all the information that is required for such de- 
scription and equation (9) offers no advantage as compared with equation (4) 
4. The activity coeffiaenta mi^t be combmed with log(H+) to give 

log K - log -I- log 

or 

pH = pK + log (B)/(A) (10) 

where 

pH = -log (H+) 

This also is theoretically unobjectionable It might be positively justified if 
it could be shown that this function is given directly by the practical means for 
measimng pH We shall proceed to emmme these 
There ore two general means of measuring pH by the observation of oheraical 
equilibna and by measunng the BMP of an eleotrolytic cell 

1 ChemKol equUibna. There are three methods of measunng or fixing pH 
whichaH yield the same sort of function of concentrabons and activity ooeffidents 

a. A buffer is used to fix the pH by fixmg the value of the ratio (B)/(A) in 
equation (4) Given the value of JC of the buffer, the pH obtamed directly is 
that of equation (10) 

b An indicator is added to a solution whose pH is fixed but unlmown and the 
ratio (B)/(A) of the aad and baalo forms of the mdicator is measured Given 
the value of K of the mdicator, the pH obtained is that of equation (10) 
c. The rate of a hydrogen ion-catalysed reaction is measured This is de- 
termined by the ooncentmtion of the complex A formed between the substrate 
B and the hydrogen ion 

H+-f BipiA 

The ratio of rates m two solutions thus measures the ratio of concentrations of 
A m them the pH difference measured is that of equation (10) 

2 Potentumetnc mrthodt There are two sorts of cell used 

0 CeUsmthUqittdjuneium Thetypeofcellmoetoftenusedconsistsofahydro- 
gen or glass electrode dippmg mto the solution, with a calomel reference electrode 
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connected witli the solution by a salt bndge, the “hqmd junction” occurs be- 
tween the salt bndge and the experimental solution This type of cell has the 
great disadvantage that, m whatever way the hqmd junction is made, the pro- 
cesses at it are irreversible and are not therefore subject to thermodynamic’ 
theory Guggenheim (6) concluded that their EMF can be descnbed only m 
terms of the mobihties and concentrations of all the ions present m all parts of 
the cell and our -present knowledge does not allow this to be done more than very 
roughly Obviously such a cell can give no theoretically satisfactory measure- 
ment of pH 

b Cells vnOuml liquid junction Cells of this type consist of two reversible elec- 
trodes dippmg mto a smgle solution Theu EME can be precisely descnbed m 
thermodynamic terms Such a cell would consist of a hydrogen or glass elec- 
trode with, perhaps, a silver-silver chlonde electrode reversible to Cl~ 

Hs Pf/Solution containmg buffer and neutral salts mcludmg H+ and 

Or/AgCl Ag 

The EMF of this cell at standard pressure of hydrogen gas is given by 
E = Eo + BT/F ln(H+){Cl~) Ui- 

where Eo is the EMF of the cell when it contains ECl of activity defined as 
umty Smce the concentration of Cl~ can be estimated chermcally, one im^t 
define pH as measured by the EMF of such a cell contammg umt concentration 
of Cl- 


pH = -log(H+) f Cl- 


in) 


The reference electrode rmght be reversible to some other cation such as Na^, 
then its EMF is given by 


E = Fo "h 


RT jE^fu^ 


and one might define 

pH = -Iog(H+) (12) 

From the foregomg discussion it appears that none of the defimtions of pH 
IS uniformly satisfactory Those that are obtamed directly from a method meas- 
urement (equations 10, 11 and 12) have the disadvantage that the quantity 
measured contains not only a quantity characteristic of the solution, but also 
quantities which are characteristic of the measurmg system Thus different 
measurmg systems apphed to the same set of solutions will give different resulte 
For example, two mdicators will m general record different differences of pH 
between the same two solutions and this will be especially marked if the mi- 
cators are of different lomc charge type, two different buffer systems, es^cialy 
if they are of different lomc charge type, will suffer different changes of pH with 
change of lomc strength, two cells without hqmd junction which have different 
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referenco electrodes •will respond differently to the same change of ionic strength 
Nor can it be argued that the acti'vity eoeffiraents which refer to the ions of the 
measuring system will be Trabd for another system in whoso dissociation we may 
be mterested, this will be true (and even then only approximately) only if this 
system is of the same lomo charge type as the measuring system and only in 
dilute solutions 

Thus if it IS desured to give an eicact descnption of the state of dissociation of a 
given solute m a given solvent mixture, m relation to a measured property of the 
solvent, it is necessary to measure or compute both the activity coefficients 
relevant to the measuring system and those relevant to the solute No ad 
•vantage is to be gained by an attempt to reduce equation (4) to three terms and 
it is better to let the activity coefficient term stand explicitly alone This means 
a return to Sbrensen’s ongmal defimtion of 

pHfl = — log(H*-) 

•which IS the only funotion charactenstio of the solvent mixture and independent 
of the solute or measuring system This is distinguished by the subscript S 
(denoting "Sprensen") from any empirical meaning of pH It would prevent 
confusion if pHa were used exclusively m would be exact physicochemical 
expressions and reserved for this purpose 

At the same tone “pH" as ccsnmonly used is very useful, withm certam limits 
It does provide an catf y made measure of the phyrico-chemical state of a system 
which enables that state to be approximately reproduced from one experiment 
to another In solutions fairly dilute with reepect to electrolytes and m which 
specffic interactian of ions is small, the activity coefficients of different salts and 
uncharged spedes do not differ verv much from each other or from unity and 
the estimatee of pH of such solutions obtained by different methods — even from 
cells •with liquid junction — will not be widely different, this is true even if it is 
difficult to mterpret the measurement in terms of exact physico-chemical quan 
tabes In quoting such a pH vaiue it is unportant to state the method by which 
it •was obtamed, for example, the buffer mixture or mdicator, the assumed value 
of pK, the concentratton of neutral salt, the electrode system and the standard of 
pH used to calibrate it Indeed, it is often more preaae and no more trouble to 
state the cmnposition of the solubon alone, for example, to state that a protem 
•was dialysed against “NaCl 0 2M, NaJlPOi 0 13f , KHtPOt 0 13f” rather than 
“0.2Af phosphate pH 6A containing 0 2if NaCl" 

To summanK, it is highly desirable that pH should bo confined to two mean 
mgs 

1 The ordinary empincal quantity used as an approximate specificabon and 
derived directly from a method of measurement, hi quotmg its -value, all the 
relevant details of the method should be given It diould be -written “pH” 

2 In any exact phymoo-chemical expression where its use is desired for brev- 
ity, it should mean only — log(ff'^) and ehould be -written “pHa'’ Acbvity 
coefficients should appear explicitly as a separate term, as m equabon (4) 
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connected witli the solution by a salt bridge, the “hqind junction” occura be- 
tween the salt bndge and the experunental solution This type of cell has the 
great disadvantage that, m whatever way the hquid junction is made, the pro- 
cesses at it are irreversible and are not therefore subject to thermodynamic 
theory Guggenheim (6) concluded that their EMP can be descnbed only m 
terms of the mobihtiea and concentrations of all the ions present m all parts of 
the cell and our present knowledge does not allow this to be done more than very 
roughly Obviously such a cell can give no theoretically satisfactoiy measure- 
ment of pH 

6 CeUs mfhovi hquid jundion Cells of this type consist of two reversible elec- 
trodes dippmg mto a single solution Their EMF can be precisely described m 
thennodjmamic terms Such a cell would consist of a hydrogen or glass elec- 
trode with, perhaps, a silver-silver chlonde electrode reversible to Cl- 
Hi Pt/SolutioR contammg buffer and neutral salts mcludmg H+ and 

Cl-/AgCl Ag 

The EMF of this cell at standard pressure of hydrogen gas is given by 
E = Ho + RT/F ln(H+)(Cl-) /«- 

where Eo is the EMF of the cell when it contains HCl of activity defined as 
umty Smce the concentration of Cl~ can be estimated chemically, one mi^t 
define pH as measured by the EMF of such a cell contammg umt concentration 
of Cl~ 


pH = -log(H+) foi~ (11) 


The reference electrode might be reversible to some other cation such as Na^, 
then its EMF is given by 


— , j-, , RF 1 

E = Eo + ha 


{NC^) f},a+ 


and one might define 

pH = -log(H+) (12) 

From the foregomg discussion it appears that none of the defimtions of pH 
IS uniformly satisfactory Those that are obtamed directly from a method meas- 
urement (equations 10, 11 and 12) have the disadvantage that the quantity 
measured contains not only a quantity characteristic of the solution, but also 
quantities which are charactenstio of the measurmg sjrstem. Thus differmt 
measurmg systems apphed to the same set of solutions will give different 
For example, two mdicatora will m general record different differences of pH 
between the same two solutions and this will be especially marked u the mm- 
cators are of different iomc charge type, two different buffer systems, raj^cia y 
if they are of different lomc charge type, will suffer different changes of pH witn 
change of lomc strength, two cells without hquid junction which have differen 
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reference electrodes ■wiH respond differently to the same ehnnge of ionic strength 
Nor can it be argued that the activity coefficients which refer to the ions of the 
measuring system wiil be vahd for another system m whose dissociation we may 
bo interested, this will be true (and even then only approximately) only if this 
system is of the same lomo charge typo as the measunng system and only In 
dilute solutions. 

Thus if it IS desired to give an exact description of the state of dissociation of a 
given solute m a given solvent mixture, in relation to a measured property of the 
solvent, it is necessary to measure or compute both the activity coefficients 
reievant to the measuring system and those relevant to the solute No ad 
vantage is to be gamed by an attempt to reduce equation (4) to three terms and 
it is better to let the activity coeffident term stand explicitly alone This means 
a return to Sdrensen’s on^nal definition of 

pHs — — logCH*-) 

which IS the only function characteristic of the soivent mixture and independent 
of the solute or measuring system. This is distinguished by the subscript S 
(denoting “Sprensen”) from any empirical meaning of pH It would prevent 
confusion if pHg were used exclusively in would be exact physicochemical 
expressions and reserved for this purpose 

At the same time “pH” as commonly used is very useful withm certain hmits 
It does provide an eaaly made measure of the physiccHihemioal state of a system 
which enables that state to be approximatdly reproduced from one experiment 
to another In solutions fairly dilute with respect to electrolytes and in which 
specific mteraction of ions is small, the activity coeffioents of different salts and 
uncharged species do not differ very much from each other or from umty and 
the estimates of pH of such solutions obtained by different methods — even from 
cells with hquid junction — will not be widely different, this is true oven if it is 
difficult to mterpret the measurement In terms of exact physico-chemical quan 
titles In quoting such a pH value it is important to state the method by which 
it was obtamed, for example, the buffer mixture or mdlcator, the assumed value 
of pK, the concentration of neutral salt, the electrode system and the standard of 
pH used to calibrate it Indeed, it is often more precise and no more trouble to 
state the composition of tho solution alone, for example, to state that a protein 
was dialysed against "NaCl 0.2M', NaJlPOt 0 Ilf, KEiPOi 0 Ilf" rather than 
"0.23f phosphate pH containing 0 21f NaCl" 

To suntmanic, it is highly derirable that pH should be confined to two mean 
mgs 

1 The ordinary empirical quantity used as an approxnuate specification and 
derived directly from a method of measurement, in quoting its value, all the 
relevant details of the method should be given It should be wntten “pH” 

2 In any exact physico-cheimcal expression where its use is desired for brev 
ity, it should mean only — log(f/+) and should be wntten “pHg” Activity 
coefficients should appear exphatly as a separate term, as m equation (4^ 
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n Bvlk Phases xn Membrane Equ^ibnum Bulk phases separated by a mem- 
brane which allows the passage of some but not all of the ions deserve some 
special discussion, differences m them properties are of mterest m accountmg for 
the differences of composition across natural membranes, for example, between 
the mtenor of a cell and its snrroundmg flmd Smce each of two phases con- 
sidered IS a bulk phase, there mighi seem on the one hand to be no need to add 
to the foregomg discussion, on the other hand, smce they are m equdibnum, it 
might be temptmg to give a thermodynamic rather than a stoichiometnc mean- 
mg to pH and to say that it ought to be taken to be the same m both the phases 
However, it is not legitimate to use any such concept as “activity of hydrogen 
ion”, which can be measured or defined only relative to some arbitrary defimtion 
What can be measured is either physically mdefimte or mvolves other ions as 
well, dependmg on the method of measurement Thus, as m the case of smgle 
bulk phases, the values obtamed depend on the method of measurement and the 
activity coeflScients which their expression mvolves are relevant only to the par- 
ticular method used 

1 Equiltbnum methods Owmg to the Dorman equilibnum effect, the dis- 
tnbutions of ions of different charge type will differ Thus the values of (B')/(A) 
for a buffer or mdicator will be different m the two phases, the values will de- 
pend also on the lomc radu and on factors leadmg to specific mteraction between 
ions The ratio of the values of (B')/(A) found m the two phases with a given 
mdicator are the same whether the mdicator species are themselves m equihbnum 
across the membrane, provided that they can pass through it, or whether small 
amounts of mdicator are added to separated samples of the phases A solution 
obtamed by dialysmg a charged colloid against a buffer is not identical with 
that obtamed by dissolving the colloid m the same buffer, even if the colloid is 
first adjusted so that it will not appreciably exchange ions with the buflier system 

2 Electrode systems The passage of current between two electrodes, one 
bemg m each phase can lead only to 

a The transfer of combinations of ions satisfymg the condition of electncal 
neutrahty (5), if the electrodes are reversible to ions that can pass the mem- 
brane 

b To polarisation of the membrane if the electrodes are reversible to ions 
that cannot pass the membrane 

c More complex changes if the electrodes are not reversible 
Of these, b wdl give no useful mfonnation while c will be difficult to mterpret 
a IS represented, for example, by a pair of hydrogen or silver chlonde electrodes, 
one m each phase, the potential difference between such a pair is zero Simi- 
larly, the potential differences between a reversible hydrogen and a reversible 
chlonde electrode, both m the same phase, are the same m each phase These 
identities correspond with the identity of the activity of any combination of 
ions, that satisfies the condition of electncal neutrality, m the two phases(Jn 
the other hand, the potential difference between two calomel-KCl electrodes, 
one m each phase, is not zero, nor are the potentials of hydrogen against calomeh 
KCl measured in the two phases the same, the reason for these differences must 
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lie m the irreveiBible nature of the processes that occur at the liquid junctions of 
the calomel electrodes 

There seems to be no reason, therefore, to vary the conclusions reached for 
the case of mnglB bulk phases In using pH m its empirical sense, it becomes 
even more important to specify the conditions of its measurement For exact 
expressions the use of pHs is desirable, which leaves the effects of activity coeffi 
dents and of Donnan distribution to be expressed explicitly 

ifernbrcme potmttaU. Appeal is often made to an electrical potential difference 
across the membrane to explam the unequal distribution of given ions The 
difference of potential between two calomel KCl electrodes, one m each phase, 
is often taken as measurmg this potential Smce use is made of this potential 
in connection with observations on the osmotic pressures of solutions of charged 
electrolytes and their "pH”, the matter requires some attention 

The derivation of the Donnan distribution does not require the assumption 
of any membrane potential, only two conditions need be imposed to obtam it 

1, that both phases shall be electrically neutral, 

2, that the activity of any combination of ions, whose transfer acroes the 
membrane mvoivea no net transfer of charge, is the same m both phases (e g , 
a pair of oppositely charged imivalent ions) 

All the properties of the system, includmg the oemotio pressure, can be ex 
pressed in terms of the Btaichiamotrio concentrations of ions m the two phases 
and the aotmly coeflioients of salts and there is no need to assume any value of 
potential at the membrane to account for any of these measurable quantities. 

There is no doubt that there does reside m the membrane a discontbinty to 
which the name “potential'’ can be given But any definition of its magnitude 
must mvolve the work of transfer of a em^ sort of ion from one phase to the 
other, this involves an assumption about the activity coefficients of that ion in 
the two phases which, as has been seen, must be arbitrary The case is exactly 
that of the potential of a single electrode against solution The stoiohiomotrio 
ratios of concentmtiona of different ions in the two phases will m general be dif- 
ferent so that there can bo no unique standard oven of arbitranness The mem- 
brane potential could be used only to give an account of the stoichiometno ratios, 
but it IS preferable to deal with these directly and exphcitly The membrane 
potential is, therefore, a useless abstraction 

The quantity measured as the “membrane potential” is usually the potential 
difference between two calomel KCl electrodes, one m each phase While this is 
a reproduoihle quantity, under given conditions of experiment, its measurement 
mvolves the use of two hqind junctions of KCl solution against solutions of dif- 
ferent composition. The assumption that the whole — or any defimte part — 
of the observed potential difference arises at the membrane is completely ar- 
bitrary and any attempt at testing its truth must mvolve an arbitrary assump- 
tion about the activity coefficients of some one sort of ion. 

The use of the concept of “membrane potential” is therefore to be avoided 
If any assumption has, for convenience, to be made, it is much better based on a 
ratio of concentrations than on measurements with calomel electrodes. 
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^ in Interphones The state of dissociation of an acid group in an interphase 
18 often different from the state of dissociation that it has, or from its chemical 
nature would be thought to have, in a bulk phase in eqmhbnum with the mter- 
phase Such a difference is of interest to the biologist m connection with the 
properties of proteins and other coUoids and of cells It is desirable that such 
differences should be expressed m satisfactory terms 

Interphases differ m some important respects from bulk phases They are 
the regions of discontmuity between bulk phases They are very small m 
bulk and are anisotropic Care is needed that terms apphed to them shall be 
physically defimte and can be related to measurements that can actually be made 
on them Thus, to consider, as Crasford, Gatty and Teorell (7) do, the readmga 
that might be obtained with electrodes placed m the mterphase is not helpful, 
because it would not be possible to know m practice m what part of the mter- 
phase the electrodes had been placed nor what disturbance they might, have 
mtroduced, nor can analytical measurements be made on an mterphase The 
only properties of an mteiphase that can be measured are those relative to the 
bulk phases, for example, mterfacial tension (that is, the change of energy of 
the system on mcreasmg the area of mterphase), electrophoretic mobihty or 
streammg, or the changes m the composition of bulk phases that result from the 
formation of mteiphase The state of dissociation of groups m an mterphase 
can be deduced from measurements such as the change of mterfacial tensions 
over a solution of a fatty acid or amme with pH of the bulk phase (Peters) (8), 
the change of electrokmetic properties with change of composition of the bulk 
phase (Damelh) (10) or the changes m the colours of mdicators m the presence 
and absence of mterphase 

Without for the moment specifymg the meanmg of its terms, acid-base equihb- 


num m an mterphase may be stated to be expressed by an equation analogous 
to (4) In comparmg such an equation with that applymg to the bulk phase, 
special care will be needed about the meanmg of ^'concentration” Only the 
Gibbs "surface excess” T of any molecular species can be measured, this may 
be positive or negative and its difference from zero certamly imphes a dif- 
ference of somethmg resembhng “concentration” between mterphase and bulk 


phase But the mterphase is anisotropic and even an average concentration 
cannot be obtamed from P unless the thicknegs of the mterphase is known 
The thickness is usually unkn owable and therefore subject to arbitrary defimtion, 
only in certam rather simple cases can any quantity be obtamed which is m any 
way analogous to thickness These are the cases where the A and B forms of 
the substance or group m whose dissociation we are mterested are materially 
confined to the mterphase, that is, m which the surface excesses of A and B are 
very large and positive, compared with their concentrations m the bulk phare 
Such cases are those, for example, of monolayers of long-cham fatty aci^ or the 
surface of particles of protem The degree of dissociation m the mte^toe can 
then be sharply distmguished from that m the bulk phase, smce the ^ 
contnbutes ne^gibly to the quantities of A and B m the mteiphase, ^e other 
particles in whose distnbution we are mterested are then lomc and their dis- 
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tribnbon is largely determined by electncal forces ansmg m the intorphase 
We shall confine attention to mterphaaca of this sort. 

Now consider equation (4) Since A and B are materially confined to the m 
terphase and only their ratio enters the equation, these can be defined In any 
convement way, such as quantities per unit area of interphase The activity 
coefficient term is dimensionless It foDows that K and (i7+) are of the same 
dimensions Therefore, if K is to be of the same dunensions as m the bulk phase, 
then (11+) must have the dunensions of a volume concentration, or if (H+) is to 
have other dimensions, such as a surface excess, then K must be correspondin^y 
defined But, in the latter ease, the value of K would not bo comparable with 
that in the bulk phase and it would be necessary to refer all thermodynamic quan- 
tities to a standard state defined for the mterphase, which would be eipenmen 
tally inconvement. We shall therefore keep K havmg the dimensions of a 
volume concentration. 

In terpiB of equation (4) , the observed differences of (B)/(A ) m mterphase and 
bulk phase could be described in three ways, which we shall discuss in turn 

1 Difference of K One would expect the tendency of an acid molecule to dis- 
sociate to be different in an mterphase and a bulk phase, not only may there be 
an electncal potential gradient m the mterphase, but other physico^diemlcal 
condiUons also may be considerably different, such as dielectno constant and 
the bade strength of the solvent Hartley and Roe (9) suggested a difference 
of K as a means for expressing the difference of degrees of dissociation m mter- 
phase and bulk phase m equilibnum This is certainly permissible and might 
at first sight appear particularly reasonable But it must be ranembeted that 
K may be given any numencal value whatever according to the dofimtion of a 
standard state. A rational defimtion of K m the mterphase would be with refer- 
ence to some accessible standard state m the mterphase, but this has the dis- 
advantage which has been mentioned that all measurements on an mterphase 
are in fact made relative to a bulk phase Hartley and Roe choose as a standard 
state m the mterphase that m which there is no gradient of potential, while this 
allows the Debye-HOckel treatment to be apphed to the variation of K with 
composition of the bulk phase, the standard state cannot be even closely ap- 
proached m many cases In view of the fact that, m any case, the numencal 
values of K are subject to the defimtion of the standard states and therefore 
do not measure the difference of the tendencies of an amd to dissociate, it seems 
Bunplest to ratam the bulk phase value of K for use m the interphase 

2 Difference of (H+) There will certainly be a surface excess of hydrogen 
ion m the interphase, positive or negative, according to the electncal and other 
physical properties of the mterphase Insofar as it depends on the electncal 
properties, the Debye-Hdokel theory allows this surface excess and its distribn 
tion in depth of the mterphase to bo calculated m sunple cases The mfluence 
of other physical factors cannot bo allowed for, so that a calculated value of the 
surface excess and its distribution has no absolute significance, it allows the 
variation of the properties of the mterphase with change of composition of the 
bulk phase to be predicted, msofar as these change the electncal properties of the 
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mterphflse Now, (H+) must have the dimensions of a volume concentration, 
whereas the distribution of hydrogen ions m the depth of the mterphase is non- 
uniform Hartley and Roe (9) calculate a differential value for as a func- 
tion of the charge of the mterphase and the lomc composition of the bulk phase, 
this corresponds physically with the quantity of hydrogen ion per imit volume 
of an mfimtely thm lam i n a infinitely near to a surface m which the charge is 
located This defimtion of (H+) is dimensionally correct and physically exact, 
it IS a perfectly legitimate means of expreasmg the vanation m mterphase proper- 
ties With those of the bulk phase 

Damelh (10) also calculates (H+) by the much less legitimate device of sup- 
posmg that there is a Donnan membrane parallel with the charged surface and 
distant 1 /k (the characteristic distance of the Debye-HQckel theory) from it, 
he assumes uniform concentrations on both sides of this membrane and Donnan 
equihbnum across it He is fortunate that, for surfaces of small curvature, this 
treatment yields the same value of (ff+) as does Hartley and Roe’s 

The objection to the use of the Debye-HQckel theory to calculate a value of 
(H'^) m the mterphase is that it is not m accordance with the standard apphca- 
tion of it to small ions Hartley and Roe suggest that it should be apphed to 
the calculation of the value of (H+) at the surface of even small ions andthatthe 
value of K for such ions should be that m which there is no surface excess of 
hydrogen ions But such a state is m practice unattainable and there seems to 
be no good reason for abandomng the traditional use of the Debye-Huckel theory 
for calculatmg activity coefficients relative to an approachable standard state 

3 Admly coefficients The use of the activity coefficient term has the ad- 
vantages that it IS the traditional method of treatmg the variation of the proper- 
ties of small ions and that it mtroduces no new difficulty over the definitions of 
K and (H"*"), which have the same mearungs and values as m the bulk phase 
The activity coefficient expresses m a formal fashion differences m the mutual 
energies of ions, as measured or calculated, from their values m a defined and 
accessible standard state The illegitimacy of the expression of the activity 
coefficient of a smgle ion is well known The settmg up of physical models 
which have a spunous air of reahty, without givmg any experimental or theoret- 
ical advantage, is avoided Cannan (11) has made use of the calculation of ac- 
tivity coefficients m describmg the titration curves of complex electrolytes as a 
function of the composition of the solution 

AH these three mvolve the same apphcation of the Debye-HQckel theory and 
differ only m the way m which the results are expressed The choice is there- 
fore not between prmciples but between modes of expression The last is to be 
preferred The term “pH” has been mtentionally avoided m the discussion of 
mterphases It is now seen that “surface pH” can refer only to a surface excess 
or to a function of a rather unreal “concentration” By the proper use of activ- 
ity coefficients its use can be avoided Loose talk about the “pH of mterphases 
IB to be condemned 

Finally, it should be remembered that only the electncal properties of mte^ 
phases can at present be treated theoretically m a quantitative manner, and 
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then only m simple cases The changes m degrees ol dissociatian ot gioape in 
the mterphase with changes of composition of the bulk phase can be so far pre- 
dicted, and ore reflected in the changes of measurable properties of the Interphase 
relative to the bulk phase Agreement between the changes of several measur- 
able quantities does not necessarily strengthen confidence that no factors other 
than the deotncal are of importance For eicample, the agreement between 
thermodynamic and electro-kmetio changes found by Damelh (10) serves only 
to show the consistency of the Bebye-Httckel treatment as applied m these two 
fields, not the correctness of a predicted "surface pH” 

00N0I.TIBI0N8 

It is concluded and recommended that 

1 'Wherever the term “pH” is used m exact thermodynamio equatuas it 

should bearthe single meaning log(H+)” andshould always be wntten “pHa” 

2 'Where “pH” is used as an empincal means of specifymg the amd base 
properties of solutions, derived frena some particular means of measurement, 
it should be wntten without subeenpt In givmg its value, the method of 
measurement, its standardisation, and details of the composition of the solution 
(such as the lands and concentratians of buffer and neutral salts) should also 
always be specified. 

3 The use of the concept of “membrane potential” should be avoided. 

4 The term “pH" ehould never be used with reference to mterphases. 
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mterpliase Now, (jff+) must have the dimensions of a volume concentration, 
whereas the distribution of hydrogen ions m the depth of the mterphase is non- 
uniform Hartley and Roe (9) calculate a differential value for (H+) as a func- 
tion of the charge of the mterphase and the lomc compositioh of the bulk phase, 
this corresponds physically with the quantity of hydrogen ion per umt volume 
of an infinitely thm lamina infinitely near to a surface m which the charge is 
located This definition of (ff"*") is dimensionally correct and physically exact, 
it IS a perfectly legitimate means of expressmg the variation m mterphase proper- 
ties With those of the bulk phase 

Damelh (10) also calculates (H+) by the much less legitimate device of sup- 
posmg that there is a Donnan membrane parallel with the charged surface and 
distant \/k (the characteristic distance of the Debye-Hlickel theory) from it, 
he assumes uniform concentrations on both sides of this membrane and Donnan 
equihbnum across it He is fortunate that, for surfaces of small curvature, this 
treatment yields the same value of (jff+) as does Hartley and Roe’s 

The objection to the use of the Debye-Hlickel theory to calculate a value of 
(ff+) m the mterphase is that it is not m accordance with the standard apphca- 
tion of it to small ions Hartley and Roe suggest that it should be apphed to 
the calculation of the value of (H+) at the surface of even small ions andthatthe 
value of K for such ions should be that m which there is no surface excess of 
hydrogen ions But such a state is m practice unattainable and there seems to 
be no good reason for abandonmg the traditional use of the Debye-HQckel theory 
for calculatmg activity coefficients relative to an approachable standard state 

3 Actwiiy coefficients The use of the activity coefficient term has the ad- 
vantages that it IS the traditional method of treatmg the variation of the proper- 
ties of small ions and that it mtroduces no new difficulty over the definitaons of 
K and (H"*"), which have the same meanmgs and values as m the bulk phase 
The activity coefficient expresses m a formal fashion differences in the mutual 
energies of ions, as measured or calculated, from then values m a defined and 
accessible standard state The illegitimacy of the expression of the activity 
coefficient of a smgle ion is well known The settmg up of physical models 
which have a spunous an of reahty, without givmg any experimental or theoret- 
ical advantage, is avoided Carman (11) has made use of the calculation of ac- 
tivity coefficients m descnbmg the titration curves of complex electrol 3 de 8 as a 
function of the composition of the solution 

All these three mvolve the same apphcation of the Debye-Hfickel theory and 
differ only m the way m which the results are expressed The choice is there- 
fore not between principles but between modes of expression The last is to be 
preferred The term “pH” has been mtentionally avoided m the discussion of 
mterphases It is now seen that “surface pH” can refer only to a surface excess 
or to a function of a rather unreal “concentration” By the proper use of activ- 
ity coefficients its use can be avoided Loose talk about the “pH of mterphases 
IS to be condemned 

FmaUy, it should be remembered that only the electrical properties o m ^ 
phases can at present be treated theoretically m a quantitative manner, an 
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then only in simple cases The changes m degrees of dasociabon of groups in 
the interphase with ohanges of composition of the bulk phase can be so far pre- 
dicted, and are reflected m the changes of measurable properties of the interphaae 
relative to the bulk phase Agreement between the changes of several measur- 
able quantities does not necessarily strengthen confidence that no factors other 
than the electrical are of importance For eiamplo, the agreement between 
thermodynamic and electro-kmetio changes found by Damelli (10) serves only 
to show the consistency of the Debye-HOokel treatment as applied m these two 
fields, not the correotnese of a predicted ‘Surface pH” 

CONClmSlONB 

It IB concluded and recommended that 

1 'Wherever the term "pH” is used in exact Hiermodynamio equations it 

should bear the sin^meaiimg Iog(fl'+)" and should always be written “pHe" 

2 'Where “pH” is used as an empirical means of specifying the amd-baso 
properUee of solutions, derived frmn some particular means of measurement, 
it should be wntten without subscript In giving its value, the method of 
measurement, its standardisation, and details of the composition of the solution 
(such as the kmds and concentratioiiB of buffer and neutral salts) should also 
always be spedfled. 

3 The use of the concept of “membrane potential” should be avoided- 

4 The term “pH” should never be used with reference to mterphascs 
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mterphase Now, (H+) must have the dunensions of a volume concentration, 
whereas the distnbution of hydrogen ions m the depth of the mterphase is non- 
umform Hartley and Roe (9) calculate a differential value for (fl'+) as a fimc- 
tion of the charge of the mterphase and the lomc composition of the bulk phase, 
this corresponds physically with the quantity of hydrogen ion per imit volume 
of an mfimtely thm lamina infinitely near to a surface m which the charge is 
located This defimtion of (jET"*") is dimensionally correct and physically exact, 
it IS a perfectly legitimate means of expressmg the vanation m mterphase proper- 
ties With those of the bulk phase 

Damelh (10) also calculates (H+) by the much less legitimate device of sup- 
posmg that there is a Donnan membrane parallel with the charged surface and 
distant 1/k (the characteristic distance of the Debye-Htickel theory) from it, 
he assumes uniform concentrations on both sides of this membrane and Donnan 
equihbnum across it He is fortunate that, for surfaces of small curvatiue, this 
treatment yields the same value of (H+) as does Hartley and Roe’s 

The objection to the use of the Debye-Hhckel theory to calculate a value of 
(H+) m the mterphase is that it is not m accordance with the standard apphca- 
tion of it to small ions Hartley and Roe suggest that it should be apphed to 
the calculation of the value of (H+) at the surface of even small ions andthatthe 
value of K for such ions should be that m which there is no surface excess of 
hydrogen ions But such a state is m practice unattainable and there seems to 
be no good reason for abandonmg the traditional use of the Debye-Huckel theory 
for calculatmg activity coefficients relative to an approachable standard state 

3 ActtvUy coefficients The use of the activity coefficient term has the ad- 
vantages that it IS the traditional method of treatmg the variation of the proper- 
ties of small ions and that it mtroduces no new difficulty over the definitions of 
K and (H"*"), which have the same meanmgs and values as m the bulk phase 
The activity coefficient expresses m a formal fashion differences in the mutual 
energies of ions, as measured or calculated, from then values m a defined and 
accessible standard state The lUegitinmcy of the expression of the activity 
coefficient of a smgle ion is well known The settmg up of physical models 
which have a spunous au of reahty, without givmg any experimental or theoret- 
ical advantage, is avoided Cannan (11) has made use of the calculation of ac- 
tivity coefficients m descnbmg the titration curves of complex electrolytes as a 
function of the composition of the solution 

All these three mvolve the same apphcataon of the Debye-Hhckel theory and 
differ only m the way m which the results are expressed The choice is there- 
fore not between prmciples but between modes of expression The last is to be 
preferred The term “pH” has been mtentionally avoided m the discussion of 
interphases It is now seen that “surface pH” can refer only to a surface excess 
or to a function of a rather unreal “concentration” By the proper use of activ- 
ity coefficients its use can be avoided Loose talk about the “pH of mterphasea 
IS to be condemned 

Fmally, it should be remembered that only the electncal properties o in ^ 
phases can at present be treated theoretically m a quantitative manner, an 
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then only in gnnple oases The changes in degrees of dissociation of groups in 
the inteiphase with changes of cranpootion of tte bulk phase can be so far pre- 
dicted, and are reflected in the changes of measurable properties of the mterphase 
relative to the bulk phase. Agreement between the changes of several measur- 
able quantitiee does not necessarily strengthen confidence that no factors other 
than the electncal are of importance. For example, the agreement between 
thermodynamic and electro-kmetio changes found by Danielli (10) serves only 
to show the consistency of the Debye-HQcfcel treatment as applied m these two 
fields, not the correctness of a predicted "surface pH” 

CONCLUSIONS 

It is concluded and recommended that 

1 ’Wherever the term “pH” is used m exact thermodynamic equations it 
should bear the smjje meaning "—log(H+)” and should always be written “pHa” 

2 Where "pH” is used as an empirical means of spedfymg the add-base 
properties of solutions, derived from some partioular means of measurement, 
it should be wntten without subscript In giving its value, the method of 
measurement, its standardisation, and details of the composition of the soiutlon 
(such as the kinds and concentrations of buffer and neutral salts) should also 
always be specified. 

3 The use of the concept of “membrane potential” should be avoided. 

4. The term “pH” should never bo used with reference to interphases 
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A REVIEW OF P HYSIO LOGICAL AND PSYCHOLOGICAL STUDIES OF 
SEXUAL BEHAVIOR IN MAMMALS 

FRANK A BEACH 

Deparimeni of Psychology, Yale Umveretiy, New Haven 

Purpose and Methods As used m this article the term “sexual behavior” 
refers exclusively to the overt acts comprising heterosexual copulation, to those 
contiguous reactions commonly designated as “courtship” or “precoital play,” 
and to a variety of non-copulatory sexual responses such as those mvolved m 
auto-erotic and homosexual activities 

The references and discussion which follow have been assembled and organized 
m an attempt to serve three purposes (1) to brmg together various neurological 
and endocnnological data concemmg the stnctly physiologcal aspects of sexual 
behavior, (2) to mtegrate with these relatively clear-cut results of laboratory 
mvestigation certam less defimtive but equally important psychological findmga 
reported by students of animal behavior, by practical ammal breeders and by 
climcians, and (3) to attempt to derive from this psycho-physiologcal potpourri 
a senes of mter-species comparisons which may implement an evolutionary 
mterpretation of human sexuahty 

Merely to hst and summarize the physiologcal experiments would have been 
a comparatively simple task, whereas the mterpolation of non-physiologcal 
evidence has proven very difficult, and the result leaves much to be desued as far 
as logical organization is concerned Nevertheless m preference to an annotated 
bibhography I have chosen to offer a complex and unavoidably mcomplete 
survey of an important field of knowledge m the hope that presentation of the 
physiological and psychological data side by side will emphasize the essential 
umty of the phenomena dealt with by different disciplmes, and with the expecta- 
tion that the frequent lacunae revealed by this method may call attention to the 
urgent need for further research by mvestigators m many areas of science 

Importance of the Holtsttc Approach Physiological experiments designed to 
identify the nervous pathways mvolved m a particular gemtal reflex, or to meas- 
ure the importance of secretions from a smgle ^nd to the occurrence of copula- 
tory reactions have contnbuted a great deal to our understandmg of sexual be- 
havior It should be obvious, however, that the full significance of such findmgs 
becomes apparent only when they are viewed against the broader background of 
the total sexual pattern as it appears m the normal animal ^ 

Matmg reactions are best interpreted as responses to mtemal and external 
stunuh, — and these responses are mediated by complex neuro-muscular raecba- 

1 It hflfl been shown, for example, that decorticate female rats are capable of fertile 
copulation with the male (44), and this observation taken alone might be thought to signify 
that the loss of neo cortex is without effect upon the female’s sexual reactions, but subse- 
quent investigation revealed that after destruction of the neo pallium the mating pattern 
is modified so profoundly that males discriminate against operated indi-vnduals and will 
mate with them only when normal females are not available (46) 

240 
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tiimiH whose funotional capaaty depends upon geneticaUy-detenmaed struotine, 
upon concurrent activity in other nervous circuits, upon the composition and 
concentration of hormones present m the organism, and m varying degree upon 
the previous experience of the mdrviduaL None of these contnbutmg factors 
operates m isolation, and the functions of one cannot be considered save m terms 
of its interrelations with all other variables mvolved 

FcmcnoNB or the NBnvoua system in sexual behavior. For purposes of 
analysis the idle of the nervous system in sexual behavior may bo considered as 
divisible mto receptor and oBeotor functions In connection with both cate- 
gories one must mclude the task of integrating separate units mto a complete 
pattern. Thus, both the penpheral reception of separate stimuh and the central 
correlation of multi sensory impulses belong under the same rubno, and motor 
functions are assumed to mclude not only the mediation of separate gemtal and 
postural reflexes, but the organisation of these mdividual reactions mto a unified 
pattern of response 

A. Smtory Fvnettone 1 Evolvtumar]/ importance Identification of the 
sensory basis for sexual arousal is a matter of prune importance not only to the 
physiologist and the psychologist but to the student of evolution as well, and the 
concept of "sexual isolation" is one which systematists and geneticists find very 
useful m explainmg the contmued separation of closely related and mter fertile 
sympatno species 

Sometunes referred to as “psychological isolation,” this condition is defined as 
“absence of matmg doe to lack of mutual attraction” (98) “Sexual isolating 
mechamsms" are belieied to mclude diBerences m behavior, m smells and m 
adohiments which make males and females of difierent species less apt to find 
each other or less attractive and thus less willing to court and mate (99, 209) 

Thus the problem of defining the stimuli responsible for sexual behavior is at 
the same time one of determining the basis for “speciee recognition" which is a 
govemmg force m evolutionary change 

2 Inadequacy of ttmphfied concepte Before one can appreciate the signifi 
cance of experiments dealing with the functions of sensation in sexual behavior 
it IS necessary to rccogniie the inadequacies of one particular line of thought 
which for many years tended to dominate research m this field and to obscure 
the true nature of the phenomena concerned Over-simplified concepts of the 
neuro-physiological processes underlymg sexual arousal, and naive mterpreta 
tions of matmg behavior as a sequence of concatenated reflexes early led to a 
search for the tiimulue which set off the hypothesUed chain reaction. 

Presently available evidence permits the categorical statement tnat there is 
no single form of stunulatioa which can be regarded as the tine qua non for sexual 
arousal and copulatory reactions m male or female mammals (40) On the con 
trary,aoti\ ationof several sensory systems normally contnbutes to the occurrence 
of the behavior m question and any singiB afferent pathway is dispensable pro- 
vided the rest remam From the psychological pomt of view it appears that the 
stimulus which initiates matmg is not a smgle chamcteristio, but a pattern with 
certam characteristics of organiiation (187) 
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It 18 posable to go further and point out that even m the case of such restncted 
and incomplete segments of the total pattern as erection m the male or assump- 
tion of the copulatory crouch by the female the problem of sensory control is not 
a Bunple one, for almost eveiy such reaction appears subject to alternative and 
supplementary forms of effective stimulation 

3 Importance of tndtmdual differences It should be stated exphcitly that 
mvestigation of the sensory control of sexual arousal mvolves problems of a 
higher order than those presented by the identification of stimuh adequate to 
ehcit the separate muscular and glandular reactions mvolved m copulation 
Defimtion of the stunuh evokmg ejaculation is an important step toward the 
complete understandmg of sexual activity, but exposition of the forms of stimu- 
lation responsible for pre-coital courtship and subsequent copulatoiy reactions 
IS a much more complex affair which is likely to succeed only if approached with 
full recognition of the sources of vanabihty capable of affectmg the experimental 
results 

To illustrate, — ^male dogs and cats display erection m response to mampulation 
or electncal stimulation of the penis This reaction can be evoked repeatedly 
and there seems to be Uttle mdividual or temporal vanabihty m the stimulus- 
response relationships mvolved In contrast there are great differences between 
mdividual males or between the reactions of the same male at different tunes m 
respect to the ease and rapidity with which courtship and copulatory reactions 
can be mduced 

Even when the conditions of external stimulation are held as nearly optimal 
and constant as possible the facihty with which matmg reactions are called forth 
differs markedly among male rats (4, 41), rabbits (196), gumea pigs (218), cats 
(reviewer’s observation), sheep (211), pigs (144), rhesus monkeys (176), 
chimpanzees (56, 105, 326) and, I suspect, every other mammahan species 
Individual differences m sexual responsiveness appear in male rats which have 
been reared m isolation (41), and are so extreme that a few obviously healthy and 
fertile males never attempt to mate with the receptive female (4) Variations 
m sexual excitabihty occur m boars despite a normal hormone balance (144), 
and wide mdividual differences are seen m male rats castrated at birth (60) 

Differences m the ease with which mitial arousal occurs are an important factor 
m any mvestigation of sensory function m sexual behavior, for they determme m 
part the quantity and quahty of external stimulation necessary to evoke copula- 
tion Although the majority of sexually-mexpenenced male rats attempt to 
mate only when stimulated by a female m full estrus, a few highly excitable in- 
dividuals which have been reared m isolation execute copulatory attempts when 
presented with non-receptive females or young males (41) Most male baboons 
actively court only those females m which the sex skm is swollen, but some males 
repeatedly mount non-estrous females (336) , and m hke fashion some male chim- 
panzees try to mate with any female at any stage of her sex cycle, while other 
males wiU copulate only at the height of the female’s gemtal swelhng and may 
even display a strong preference for mdividual females (105, 326) In genera 
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it appears that, other factors being eqiial, “the specificity of the stimulus ade- 
quate to elldt mating respanses vanes inversely mth the sexual oxdtabihty of 
the individual" (40) 

Althou^ presently availnble evidence would appear to suggest that the magni 
tude of individual differences m sexual responsiveness is much greater in male than 
m female mammalB, there are several mdications that females differ one from an 
other m the ease with which copulatory reactions may be evoked. Some female 
rate in heat display lordosis each time they are mounted by the male, whereas 
other estrous females do not exhibit this reaction every time they are stimulated 
but do so m response to a constant and predictable proportion of the male’s 
copulatory attempts (45) Similarly, ewes In full estnis show mdrvidual dif- 
ferences in willingness to stand for the ram and m readiness to take the imtiatlve 
In courtship (2U) 

Individual differences m sexual excitability among male animals not only affect 
the initiation of copulatory behavior, but may be seen to influence the amount of 
stimulation necessary for eiaculation Some male rata reach the peak of excite- 
ment essential to ejaculation after only two or three mtromlssions, whereas other 
males of the same sliam do not attam this level of arousal until mtromisslon has 
occurred fifteen or twenty times (35, 314) It is especially significant to note 
that in repeated sex testa the freqnenoy of copulation m a given period and the 
number of mtromissicms precedmg ejaculation are relatively constant for in 
dividual male rate as shown by the hi^ rellabihty coeffiaente reported by differe 
ent mvestigators (4, 81) Observations of copulatory behavioT m the rhesus 
monkey have revealed that the number of mounts jirecedmg mtromisadon may 
vary from three to one hundred dependmg upon the “vinhty" of the individual 
male (76) 

It seems probable that variations in sexual excitability are resjxmaiblo m largo 
measure for marked differences m the general character of the sexual approach 
shown by different males, particularly those of the higher pnmate species Some 
male chunpaniees react to the female veiy abruptly, mdulging m httle or no 
foreplay and copulatmg vigorously or even violently, whereas other males practice 
a great deal of pre-cmtal stimulation, treat the female gently and copulate only 
after considerable preparation (65) 

4 Fvnelxont of non-eonlact tUmulatum a In the female Ihe limited ex 
penmental evidence might lead one to behove that mating behavior of female 
mammals normally takes place without the mterventicm of visual, auditory or 
olfactory sensations, for removal of the eyes and the olfactory bulbs and de- 
struction of the cochlea fails to abolish copulatory responses m the female cat 
(23) or rabbit (C5) Actually, of course, these findmgs mean merely that when 
such drastically dcsenatiied females are mounted hy the male they respond to 
the reaultant contact stunuh with appropriate postural adjustments fadhtating 
mtromission 

The complete sexual pattern of cstroua females of most mammalian speaes 
mcludes active orientation to the distant male, and if the male is slow to respond 
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It 18 possible to go further and point out that even m the ease of such restncted 
and incomplete segments of the total pattern as erection m the male or assump- 
tion of the copulatoiy crouch by the female the problem of sensory control is not 
a simple one, for almost every such reaction appears subject to alternative and 
supplementary forms of effective stimulation. 

3 Importance of tndimduol differences It should be stated exphcitly that 
mvestigation of the sensory control of sexual arousal mvolves problems of a 
higher order than those presented by the identification of stimuh adequate to 
ehcit the separate muscular and glandular reactions mvolved m copulation 
Defimtion of the st imuli evokmg ejaculation is an important step toward the 
complete understandmg of sexual activity, but exposition of the forms of stimu- 
lation responsible for pre-coital courtship and subsequent copulatoiy reactions 
IS a much more complex affair which is likely to succeed only if approached with 
full recognition of the sources of vanabihty capable of affectmg the experimental 
results 

To illustrate, — male dogs and cats display erection m response to mampulation 
or electncal stimulation of the perns This reaction can be evoked repeatedly 
and there seems to be httle mdividual or temporal vanabihty m the stimulus- 
response relationships mvolved In contrast there are great differences between 
mdividual males or between the reactions of the same male at different times m 
respect to the ease and rapidity with which courtship and copulatory reactions 
can be mduced 

Even when the conditions of external stimulation are held as nearly optimal 
and constant as possible the facihty with which matmg reactions are called forth 
differs markedly among male rats (4, 41), rabbits (196), gumea pigs (218), cats 
(reviewer’s observation), sheep (211), pigs (144), rhesus monkeys (176), 
chimpanzees (55, 105, 326) and, I suspect, every other mammalian species 
Individual differences m sexual responsiveness appear m male rats which have 
been reared m isolation (41), and are so extreme that a few obviously healthy and 
fertile males never attempt to mate with the receptive female (4) Variations 
m sexual excitabdity occur m boars despite a normal hormone balance (144), 
and wide mdividual differences are seen m male rats castrated at birth (60) 

Differences m the ease with which mitial arousal occurs are an important factor 
m any mvestigation of sensory function m sexual behavior, for they determme m 
part the quantity and quality of external stimulation necessary to evoke copula- 
tion Although the majonty of sexually-mexpenenced male rats attempt to 
mate only when stimulated by a female m full estrus, a few highly excitable m- 
dividuals which have been reared m isolation execute copulatory attempts when 
presented with non-receptive females or young males (41) Most male baboons 
actively court only those females m which the sex skm is swollen, but some males 
repeatedly mount non-estrous females (336) , and m hke fashion some male chm- 
panzees try to mate with any female at any stage of her sex cycle, while other 
males will copulate only at the height of the female’s gemtal sv'elhng an may 
even display a strong preference for mdividual femalet (105, 326) In general 
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it appears that, other factors bemg equal, “the specificrty of the stimnlcB 
quate to elicit mating responses -vanes inversely with the sexual exdtsMitr ti- 
the indindual" (40) 

Although presently available evidence -would appear to suggest that tbemars- 
tude of individual differences m sexual responsiveness is much greater in mrilt&ic 
in female mammals, there are several mdications that females differ one fam m?- 
other m the ease -with -which copulatory reactions may be evoked. SomeJemiJi 
rats in heat display lordosia each time they are mounted by the male, liiirai 
other estrous females do not exhibit this reaction every time they are 
but do so m response to a constant end predictable proportion of thf-'m— ^ 
copulatory attempts (46) Similarly, ewes m full estnis show mdrn5E£ 
ferences m -willmgnesa to stand for the ram and m readiness to take the mfccur' 
m courtship (211) 

Individual differences m sexual exoltabihty among male animals no* mrviSs" 
the initiation of copulatory behavior, but may be seen to influence theirrxr* " 
stimulation necessary for ejaculation Borne male rats reach the p=inl cere- 
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-vary from three to one hundred dependmg upon the "viiihty”c!i'-'-^^ 
male (76) 


It seems probable that variations m sexual excitability are resc"'*-^ 
measure for marked differences m the general character of 
shown by different males, particularly those of the hi^r jjacr 
male chimpaniees react to the female very abruptly, indcr' 
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the female may mitiate courtship For ejsample, the onset of estrus m the heifer 
IS signaUized by her tendency to seek out and stand beside the bull (la), and 
female rats m heat display an mcreased dnve to cross an electrified gnd inter- 
posed between them and the male (313) If the male fox is not sufficiently 
aggresive the estrous vixen begins courtship play (108) Although the non- 
receptive female rhesus usually avoids contact with the male, when m heat she 
repeatedly approaches him, displaying a charactenstic stance and stereotyped 
gestures (75) Female chimpanzees at the height of gemtal swelling may 
exhibit the sexual presentation and by vanous gestures and vocahzations mvite 
the male to copulate (326) * 

Reactions such as these obviously depend upon distance reception of one type 
or another, and although supportmg experimental evidence is lackmg it seems 
highly probable that the behavior descnbed would be lackmg m females which 
were bhnd, deaf and anosmic 

b In the Tnale Although female mammals generally show an mcreased tend- 
ency to associate with males dunng the breedmg penod and may even instigate 
courtship when the masculme partner is slow to respond, it is commonly the male 
wbo plays the more aggressive and dominant r61e m the mating relationship 
Even when the female begms the foreplay, imtiative eventually must shift to 
the male if copulation and fertilization are to be accomplished, and it may be 
for this reason that distance receptors play a more fundamental part in the 
sexual functions of male than of female mammals 

The male animal’s abihty to detect the female’s readmess to mate vanes from 
species to species, from mdividual to mdividual, and even from time to tune m 
the same mdividual In the case of some sub-m ammalian forms, such as certain 
amphibia, there is httle mdication that males can discriminate between receptive 
and non-receptive females, and sex recogmtion seems to be largely a matter of 
tnal-and-error (228) Even male mammals which ordmanly are capable of 
discnminatmg between the estrous female and other animals may fail to respond 
selectively W'hen highly aroused Thus male rats (289) and gumea pigs (270) 
excited by recent contact with the receptive female often attempt to mate with 
other males or with diestrous females, and buck rabbits abruptly separated from 
the estrous doe mount and ejaculate m response to a dummy female (103) 
or even the hand of the experimenter (196) Under similar conditions male 
dogs mount males or the non-receptive bitch (129) , and male rhesus monkeys may 
mount other males, sometimes with anal penetration (76) 

Despite occasional absence of discrimination there is ample proof that pnor to 
physical contact males of many mammalian spiecies respond differentially to 
other males, non-receptive females and females m heat Male rats m revolvmg 
cages become more active if cages contammg estrous females are placed nearby 


* In the majority of human cultures open sexual sohoitation by unmarried 
socially forbidden, but in some pnmitive tribes which constitute exceptions to this 0 
the female’s invitation takes the form of direct exposure of the gemtals (122), a rMC 
strongly remimscent of the sexual presentation shown by females of other ant topo 
species and of many lower primates as well 
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(46 cm. or less) (260) * The male chimpaniee plainly recogmies 'when the fe- 
male m an adjacent cage is sexually receptive, as his prompt erection and In- 
vitational gestures amply convey Observabon suggests that m this case the 
effective sensory cues are the female’s gross movements, gestures, fadal exiires- 
Bion, and the condition of her external gemtalia (826) 

Results of experimental studies suggest that in male lagomorphs and rodents 
several distance receptors probably contribute to sexual arousal and to the onen 
tabon of mabng acbvity Removal of the eyes or the olfactory bulbs does not 
eraiiicate copulatory behavior m eexuaHy experienced male rabbits (65, 262, 
290) or rats (41, 286, 287) , but either operabon performed pnor to the acquisition 
of mating eipenence reduces the probability of copulation in male rats (41) 
The finding that blmdnesa or anosmia tends to mcrease the proporfaon of rats 
■which fail to copulate has been interpreted as evidence of lowered sexual ro- 
sponsivenesB consequent to the ledueed sensory mtahe (40) 

The importance of olfactory sbmulabon to sexual activity of male a n i m als 
has been greatly exaggerated by some woricerB It has, for example, beonclaimed 
that male rats isolated for six months from the odor of females suffer tesbcnlar 
atrophy and complete loss of sex drive, and that such animals are restored to 
ph 3 reiological nonnahty when females are placed in nearby cages (278) Repe- 
btion of the original experiments 'with adequate controls and careful study both 
of behavior and histological condibon of the gonads and accessories has shown 
that none of the reported changes take place m males isolated for eleven months 
(239) Similarly the arrested gcmtal development and reproductive failure 
which la reported to follow removal of the olfactory bulbs in young male guinea 
pigs (199) probably is due, not to the loss of olfactory sensation, but to the 
severe bram infection which often foUaws this operation 

Laboratory findings concerning lower mammalian forms appear to minimise 
the functions of olfactory stimulation In the male’s sexual arousal, whereas 
observational evidence has led commercial animal breeders and field naturalists 
to conclude that tiie odor of the female in heat is a potent force attracting and 
oxdtmg the male The ■vahdity of this conclusion has not yet been experiment- 
ally established but it seems probable that sensahons of smell do contribute 
materially to the processes under considerabon, although they are not, m all 
likelihood the sole source of sexual stimulabon in any species. 

When they are m estrua the females of several mammalian species mcludmg 
the house cat (214), African lion (88), horse and cow (248) utter charaotonstic 
vocahiabons, and it has been suggested that these “sex calls” stimulate males 
of the same species Here again, although the suppoeibon could bo tested ex 
perimentally it has not been, and the only laboratory data availablo are those 

* Although three findlngi origiiiellx were takes to indioate that the males aenaed the 
presence of fetoaloe in heat, the data are aneceptible to an altematlTS interpretation Fe 
male rats exhibit a striking Inorcase in acti-vity at the time of estms and it le poesible that 
increase in the male s activity was simply a response to anditoiy and vibratory atiinull 
provided by the rovolntions of the female’s cage 
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the female may mitiate courtship For e^mple, the onset of estrus m the heifer 
IS signalhzed by her tendency to seek out and stand beside the bull (la), and 
female rats m heat display an increased dnve to cross an electrified gnd inter- 
posed between them and the male (313) If the male fox is not sufficiently 
aggresive the estrous vixen begins courtship play (108) Although the non- 
receptive female rhesus usually avoids contact with the male, when m heat she 
repeatedly approaches him, displaying a characteristic stance and stereotyped 
gestures (75) Female chimpanzees at the height of gemtal swelling may 
exhibit the sexual presentation and by vanous gestures and vocahzations mvite 
the male to copulate (326) ^ 

Reactions such as these obviously depend upon distance reception of one type 
or another, and although supportmg experimental evidence is lackmg it seems 
highly "probable that the behavior descnbed would be lackmg m females which 
were bhnd, deaf and anosmic 

b In the male Although female mammals generally show an mcreased tend- 
ency to associate with males durmg the breedmg penod and may even instigate 
courtship when the masculme partner is slow to respond, it is commonly the male 
who plaj^ the more aggressive and dominant r61e m the matmg relationship 
Even when the female begins the foreplay, imtiative eventually must shift to 
the male if copulation and fertihzation are to be accomplished, and it may be 
for this reason that distance receptors play a more fundamental part in the 
sexual functions of male than of female mammals 

The male animars abihty to detect the female’s readmess to mate vanes from 
species to species, from mdividual to mdividual, and even from tune to tune m 
the same mdividual In the case of some sub-mammalian forms, such as certam 
amphibia, there is httle mdication that males can discriminate between receptive 
and non-receptive females, and sex recogmtion seems to be largely a matter of 
tnal-and-error (228) Even male mammalH which ordinarily are capable of 
discnminatmg between the estrous female and other anima ls may fail to respond 
selectively when highly aroused Thus male rats (289) and gumea pigs (270) 
excited by recent contact with the receptive female often attempt to mate with 
other males or with diestrous fenaales, and buck rabbits abruptly separated from 
the estrous doe mount and ejaculate m response to a dummy female (103) 
or even the hand of the experimenter (196) Under sumlar conditions male 
dogs mount males or the non-receptive bitch (129), and male rhesus monkeys may 
mount other males, sometimes with anal penetration (76) 

Despite occasional absence of discrimination there is ample proof that prior to 
physical contact males of many mammalian species respond differentially to 
other males, non-receptive females and females m heat Male rats m revolvmg 
cages become more active if cages contammg estrous females are placed nearby 

’ In the majonty of human cultures open sexual sohoitation by unmamed females is 
socially forbidden, but in some primitive tnbea which constitute exceptions to this e 
the female’s mvitation takes the form of direct exposure of the gemtals (122), a rMO lo^ 
strongly remimscent of the sexual presentation shown by females of other ant rope 
species and of many lower primates as well 
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The stunulatory activity of the sexually aroused mala sometimes develops into 
active aggression with the result that the receptive female may suffer severe 
wounds. This is commonly observed in such widely separated forms as the 
marten (2(14) and the rhesus monkey (76) 

Many of the pre-coital and coital activities characteristic of other ammals 
are also present in human behavior, and the high frequency of such common 
elements suggests the existence of n bamo pattern underlymg the sexual activihes 
of all mammalian species For example, although no reliable evidence has 
been published to mdicate the types of sexual stimiilation most frequently em 
ployed m European cultures, it is well established that m many primitive tribes 
such as the Trobrmnd Islanders (201) and the Ainu and Toda of Eurasia (122), 
bitmg, scratching and hair pulling are common precursors and accompaniments 
of intercourse 

Despite the impresarvo degree of mter.flpecies comcidence in many sexual 
responses it is obvious that speciahsation of morphological structures or nervous 
arrangements may give rise to particular forms of behavior which are reetneted 
to the species so affected It is well known, for instance, that in the human fe- 
male the breast is a particularly sensitive orotic sone, and manual and oral 
stimulation of this area is a prominent element m the pre-copulatory pattern not 
only m European cultures but in other groups auch as the Hopi of North America 
and the Lepeha of Euraaia (122) The "love magio” of certam Melanedan 
tribes Involve* surreptitious touching or caressing of the mpples of the woman 
Trhoee favors are sought, — a custom based upon imphat recogmbon of the 
a<ixually.eicitmg powers of such stimulation (201) There is httle evidence for 
this parbcular type of sexual stimulation m lower mammals, althou^ one 
nerker, observing that female ihesus monkeys m heat may manipulate and suck 
their own nipples, has mterpreted this as auto-erotic (7C) 

b Extra-gemtal iltmulatum tn Ihe mah Male rats oontmue to copulate de- 
spite surgical mterferenco with cutaneous sensitivity of the entire ventral body 
®nrface (286, 287), and transection of the sensory nerves serving the snout and 
bps does not abolish matmg activity in this species (41), but except for these 
reports there are very few data to mdicate the importance of extra-gemtal sen 
sations of touch and pressure to the occurrence of sexual arousal and coital 
behavior in male animBls 

c. (Jemtol Kmaitom tn the female It was at one time n rather widely accepted 
view that sensory impulses from one or another part of the reproductive system 
are responsible for sf'Tiifll arousal in female mammals, and one finds m the 
literature the statement that estrous changes withm the vagina are, "the real 
internal stimuh for sex behavior m the female rat" (314), or that the "female 
hormones are psychologically important where they mcrease the local imtabihty 
of the Bex organs, and thereby bring mcreased drive for further st i mii la tion* 
(lB9a) A. less extreme view is represented by the suggestion that sensabona 
arising from direct vaginal or cervical etimulabon ore essenbal to and responsible 
for the receptive female's copulatory responses, 

ScA etal hncs of evidence combme to mdicate that neither of these theories is 
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indicatiHg that partial destruction of the cochlea does not ehmmate mating m 
the m^le rat (286, 287) or rabbit (66) 

Mating behavior survives combmed elimination of visual and olfactoiy end- 
organs m the expenenced male rabbit (66) and rat (286, 287), but copulatory 
reactions rarely appear m male rats which are rendered blmd and anosmic before 
contact with the receptive female (4i) The fact that the combmation of bhnd- 
ness and anosmia depresses sexual responsiveness to a greater degree than does 
either tsrpe of sensory loss alone is taken as additional proof of the theory that 
both visual and olfactory stimuh normally contnbute to sexual arousal (40) 

6 Functions of contact stimulation a Extra-genital stimulation in the femcde 
Vanous t 3 T)e 8 of extra-gemtal contact ehcit the copulatory posture and appear 
to mcrease sexual excitement m estrous female mammals Some female rats m 
heat exhibit hoppmg, ear-vibration and lordosis when the back and sides are 
stroked or palpated hghtly with the thumb and forefinger (16, 314) Strokmg 
the rump of the estrous female guinea pig evokes opisthotonus and elevation of 
the permeum (329) , and similar reactions may be ehcited m the sexually receptive 
golden hamster by strokmg or pressmg the small of the back (reviewer’s observa- 
tion) If one presses heavily upon the back and sides of the sow m heat and 
simultaneously moves the tail to one side, the female responds by hftmg the tail 
and hmd quarters, presentmg the gemtaha, and gnmtmg as m copulation (3) 
Receptive female cats can be mduced to assume the matmg position if the ex- 
perimenter gnps the loose skm of the ammal’s neck between his fingers and strokes 
or presses downward upon her back (23) 

In each of the foregomg situations the mcitmg stimuh mimic those normally 
provided by the reactions of the sexually active male Thus, pnor to mountmg 
the female, the male cat gnps the skm of the back of her neck with his teeth, 
and the resultmg stimulation is partially responsible for the female’s assumption 
of the copulatory crouch, — a position essential to complete matmg A similar 
function should probably be referred to the comparable matmg gnp which is 
shoftTi by males of several other species, mcludmg the short-tailed shrew (232), 
marten (204), mink (109) and bat (317) In some species such as the bat the 
male does not show penile erection until after gnppmg the female 

In the normal pattern of pre-coital play males of many mammalian species 
apply a vanety of forms of tactual stimulation to the receptive female In 
most species the male bites or mbbles at many parts of the female’s body but 
animals vith prehensile forehmbs may employ the hand and fingers as well as 
the mouth The male monkey’s manual groo min g of the female increases m 
frequency v hen she is in heat (76) , and involves "stimulation of most of the major 
receptor zones’’ (176) 

Male animals of various species often bite or suck the female’s ear before or 
dunng coition, and although there is no physiological evidence to prove that this 
form of stimulation is sexually excitmg to the female, her subsequent responses 
often suggest that such is the case In this connection it is sigmficant to note 
that mampulation of the external ear produces cohtractions of the smooth muscles 
of the vagina m the estrous female cat (63) 
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The stimulatory activity of the sexually aroused male sometunea develops into 
active aggressioii ■mth the result that the receptive female may suffer so\ere 
wounds This la commonly observed m such widely separated forms as the 
marten (204) and the rhesus monkey (76) 

Many of the pro-coital and cdtal activities characteristic of other animals 
are also present in human behavior, and the high frequency of such common 
elements suggests the existence of a baaic pattern underlying the sexual activities 
of all mammalian species For example, althou^ no reliable ervddence has 
been published to mdicate the types of sexual stimulation most frequently em- 
ployed m European cultures, it is well established that m many primitive tnbes 
such as the Trobnand Islanders (201) and the Ainu and Toda of Eurasia (122), 
biting, Bcratching and hair pulling are common precuisois and accompaniments 
of Intercoiffse 

Despite the impressive degree of inter-speciea comcidence in many sexual 
responses it is obvious that specialisation of morphological structures or nervous 
arrangementa may give rise to particular forms of behavior which are restneted 
to the Bpeaea so affected It is weQ known, for instance, that in the human fe- 
male the brxiast is a particularly sensitlvo erotic tone, and manual and oral 
stimulaUon of this area is a promment element in the pre-copulatory pattern not 
only m European cultures but m other groups such as the Hopi of North America 
and the Lepcha of Eurasia (122) The ‘love magic’' of certain Melanesian 
tribes involves surreptitious touching or caressing of the nipplee of the woman 
whoee favors are sought, — a custom based upon imphcit recogmUon of the 
ccxually-exciting powers of such stimulation (201) There Is Uttle evidence for 
this partaculax type of sexual stimulation in lower mammals, although one 
worker, observing that female rhesus monkeys m heat may mampulate and suck 
their own mpples, has interpreted thi^ as auto-erotic (70) 

b Extra-Qeniial sttmufahon in the male Male rats oontmue to copulate de- 
spite surgical mterferenco with cutaneous sensitivity of the entire ventral body 
surface (286, 287), and transection of the sensory nerves servmg the snout and 
hpe does not abolish mating activity m this species (41), but OTCept for these 
reports there are very few data to indicate the importance of cxtra-gemtal sen- 
Bations of touch and pressure to the occurrence of sexual arousal and coital 
behavior in male ftmmftlH 

c. QeniUU tcnaatumsin the female It was at one time a rather widely accepted 
view that sensory impulses from one or another part of the reproductive 83 ^Btem 
nr© responsible for sexual arousal In female mammals, and one finds in the 
hterature the statement that estrous changes withm the vagina are, “the real 
internal stimuli for sex behavior m the female rat" (314), or that the “female 
hormones are psychologically important where they increase the local imtabiht^ 
of the sex organs, and thereby bring increased drive for further Btimulatlon” 
(169a) A leas extreme view is represented by the suggestion that eensations 
nnsing from direct vaginal or cervucal stimulation are essential to and responsible 
for the receptive female's copulatory responses 

Several lines of evidence combine to indicate that neither of these theories is 



248 


FRAlfE A. BEACH 


sufScient to account for the behaviora] phenomena imder consideration Normal 
estrous reactions occur m estrogen-treated female rats with congemtal absence 
of ovanes, tubes, uterus and external vagma (48) and this would appear to negate 
the hypothesis that sensations from accessory sex structures are mdispensable, 
mcitmg stimuh 

The behef that stimulation of , the vagina and cervix is essential is equally un- 
tenable In the first place, females of vanous species occasionally exhibit char- 
acteristic heat responses prior to any physical contact with a second animal 
Highly receptive female rats may display hoppmg, ear-vibration and lordosis 
even though the male does not approach them (reviewer’s observations), and 
some estrous cats crouch and tread spontaneously m the absence of the male 
(24) Secondly, as was pomted out m the precedmg section, the copulatory 
adjustments of the estrous female are often ehcited by vanous tjqies of bodily 
contact which do not mvolve gemtal stimulation (e g , crouchmg andtreadmg 
may be evoked m the female cat by gnppmg the loose skin of the neck) 

Finally, vanous experimental studies have shown that elimination of sensa- 
tions from the gemtal region does not abolish matmg behavior m the female 
Removal of the uterus and vagina fails to eliminate copulation m the rat (11), 
and sexual reactions survive deafferentation of the entire gemtal region m the 
female rat (9) , rabbit (65) , and cat (21) Characteristic mating responses appear 
m female mice (247) and rats (48) despite congemtal abnormality which mcludes 
absence of an external vagina 

Surgical removal of the tubes and uterus has even been reported to mcrease 
sexual responsiveness m approxunately one-third of the women so operated (312), 
but this change may well be due at least m part to eradication of the fear of 
pregnancy 

Females of, several species mcludmg the rabbit (66), cat (127), short-tailed 
shrew (232), mink and ferret (109) do not ovulate spontaneously, but usually do 
so only after copulation with the male It has been assumed that m such cases 
mechamcal stimulation of the vagma and cervix gives rise to nervous impulses 
which cause the hypophysis to release an “ovulataon-mducmg substance” which 
acts upon the ovary It is, however, informative to note that when estrous 
female rabbits mount other females m mascuhne fashion ovulation is sometimes 
mduced m the mountmg mdividual, although under such conditions vaginal 
stimulation must certainly be minim al (168) Furthermore, female mink and 
ferrets m heat may ovulate after a prolonged struggle with the male despite the 
fact that matmg is not accomplished and mtromission does not occur (109) 
It would appear that m species which do not ovulate spontaneously ovulation is 
normally facihtated by the occurrence of sexual arousal and that mtense excite- 
ment may call forth the ovanan response m total absence of pnmary gemtal con- 
tact 

If it IS accepted that impulses from the gemtals are not essential to the basic 
coital performance of female mammals it must be equally apparent that under 
normal conditions gemtal sensations provide one very important source of in- 
creased sexual excitement In many species the male mampulates the female s 
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genitalia before coition, and among loiwer roammaia Buoh as tho rat, guinea ^ig 
and golden hamster the male’s oral investigations of the vaginal orifice often 
evoke overt reeponses on the part of the receptive female The estrous hamster, 
for example, elevates tho pormeum (247b) and moves the hmd quarters con- 
vulsively from Bide to side m response to the male’s Imgual exploration of the 
ano-genrtal region (reviewer’s observations) When the male porcupme noses 
tho vulva of the female m heat she baoks toward him vigorously, pushmg actively 
against the source of stimulation (266a) The male eastern skunk mduces the 
receptive female to assume the copulatory pose by scratchmg at her vulva with 
hiB hmd toot (316a) 

Speciea with prehensde forelimbs usually employ manual as well as oral tech- 
mques of gemtal stimulation. The pre-copulatory play of rhesus monkeys m 
volves mutual genital mampulation which 'generates obvious excitement” 
(176) The male chimpaniee's manual and labial mampulations of the female’s 
chtona call forth erection and motihty of this member, and female ehimpanzees 
m heat have been observed to practice mutual cunnilinguis (65) * 

Masturbation of the woman is common m the pre-coital play of various human 
tnbes such as tho Anunta of Oceana (122), and m certam sections of the Tro- 
briand Islands both manual and oral forms of stunulation are oharacterlstically 
employed (201) The effecUveness of such achvity rests upon the innervation 
of the regions aficeted, and it is known that m the human female the cUtons 
and mner surface of the labia minora are nchly supphed with sensory receptors 
for touch, although the vaginal entrance is relatively poor m eenae endings of 
any type (63) 

evidence for the importance of genital sensations m feminine sexual behavior 
IS not entirely inferential Althou^ rats surgically deprived of uterus and va 
gins are capable of mating behavior, m consecutive copulations such individuals 
typically display a decrease m respoasivencas to the male which is probably 
traceable to absence of genital stimulabon (11) Normal estrous females of this 
species are sometimes partially resistant at the begmning of a sox test but fre- 
quently display a marked increase in willingness to accept the male after one or 
two IntromissionB have occurred, and female cats which fail to crouch when gpip- 
ped by the male may do so after the penis comes m contact with tho vagina (26) 
Some female rats m heat exhibit lordosis when a pipette is inserted in the vagina 
(46), and comparable mechanical stunulation evokes orouohmg and treading m 
the receptive female cat (25) 

Ehirmg ejaculation the male rat depomts a copulatory plug within the vagina 
of the female, and the resultant stimulation causes a momentary relaxation of tho 
cervix penmttmg passage of the sperm mass mto the utenne cornua (67) The 
foregoing sequence of events is strongly suggestive of orgasmic function occurring 
m tho female m responsmto internnl gemtal stimulation. 

d Qenilal tentaltom in the male Despite occasional statements to the con 

* ObserraUona of thii type are pcrtinonl to en oadersUndlng of the bfologleal basia for 
Terious humen Bex preetloeB aad oast coasldermble doubt upon a pneH definitione of ”nor 
mal” and ' abaorroal” forau of Koaltal sUmulatfon (3S 344) 
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trary (226) sensory impulses from the perns do not appear to be mdispensable to 
sexual arousal because male cats seize the female, display erection and copulate 
vigorously despite surgical anesthetization of the entue gemtal region (265), 
and male rats contmue to show sexual excitement after surgical proc^ures have 
rendered mtromission impossible (50) ‘ 

Nevertheless it is obvious that genital sensations constitute an important ele- 
ment m the stimulus pattern responsible for complete sexual arousal and copula- 
tory reactions m males F emal e chimpanzees may mduce erection m the male 
by handhng the flaccid penis (55) , and the male dog displa}^ erection and ejacu- 
lation m response to gemtal manipulation (23) In the absence of normal gemtal 
s tim ulation overt sexual behavior may be profoundly modified For example, 
adult male rats with infantile penes exhibit a high proportion of mcomplete 
matmgs, relatively few mtromissions and extremely rare ejaculatory responses, 
and si m il ar behavior is seen m males with fully developed copulatoiy organs from 
which a segment of the penile bone has been removed (50) 

The importance of direct gemtal stimulation to complete sexual performance 
m hu m a n s of either sex undoubtedly is subject to considerable mdividual varia- 
tion, and there is m addition some mdication of the existence of racial, or at least 
cultural, differences m this regard Melanesian natives are reported to achieve 
orgasm only after protracted copulatory contact mvolvmg much more gemtal 
fnction th an is necessary for clunax m white Europeans (201) , and results of a 
current mtemew study mdicate that male Amencan negroes from low socio- 
educational strata are much slower than whites m attaimng orgasm However, 
negroes of high social status (as measured by education, etc ) are closely com- 
parable to whites m terms of ejaculation time (176) 

e Oenital sensations as a potential source of copulatory movements during sleep 
in lower forms and erotic dreams in humans Gemtal reflexes sometimes occur 
m the apparent absence of any external stimulation For example, full erection 
IS sometimes seen m male bats dunng then hibernation (317) and m breedmg 
season male short-tailed shrews often show erection durmg sleep 

In the case of the shrew vaso-dilation of the copulatory organ is sometimes 
accompamed by additional elements of the coital pattern as mdicated m the fol- 
loivang quotation “These [erections] occur while the animal is lymg asleep on its 
side or back First, the penis becomes erect, then the am ma l stars restlessly and 
there are twitchmg movements of the hmd legs After several seconds a 
number of mmor thrusts are made, followed by one vigorous, deep thrust which 
IS accompamed by repeated extension of the hmd limbs as m actual copulation’ 
(232) This pattern may be repeated two or three times before the amm al awakes 
and several such episodes can occur withm half an hour These observations 
suggest the mterestmg thesis that under such conditions sensory impulses ongi- 
natmg m the erect penis set off a tram of neuro-muscular events reflected m the 
execution of most of the major elements m the normal matmg pattern 


‘ Equally unsatisfactory are theones designating sensory impulses from other parte of 
the reproductive system as imtiating causes Thus copulation continues in rate after 
removal of the vas (12), the seminal vesicles (66), or even the testes providmg androgen 
IB admimstered (266) 



SEXUAL BEHAVIOB IN UAUUALS 


251 


The resemblance between such behavior m lower mammals and the nocturnal 
emissionB common m a high percental of humans' is obvious, and although cm 
clal evidence la lacking it may bo suggested that the erotio dreams which some- 
times accompany genital activity during sleep are imbatcd or at least reinforced 
by sensory impulses from the erect penis or chtons 
6 Central nervout effedt of peripheral eixmvlatum Consideration of the 
observational and experimental evidence mdioating that arousal and mtensifica- 
tion of sexual excitement normally mvolves several types of sensory stimulation 
has led to theoretical analsyia of the mote central neuro-physiological processes 
concerned (41) It has been suggested that effector mechanisms tesponaible tor 
mtegration of the motor acta of courtship and coitus not only receive fibers from 
the several receptor systems, but may also be subject to facihtative impulses 
ansmg within a funobonally related but stmcturally mdependent "central ex 
mtatory mechanism" (40) The m is assumed to mamtam the excitabihty 
of the executive centers by distant facflitation, and this part of the central nerv- 
ous system is regarded as the most likely substrate for the effects of multi 
sensory or repetitive peripheral stimulation 
Thus it seems probable that by virtue of spatial summation, sunultancous 
stimulation of several sensory receptors may evoke a response withm the c.« m 
in much the same fashion os the concurrent amval of two subliminal impulses 
over different efferents ehcits discharge of a reflex center Furthermore, suo- 
cesBive combination may occur withm the m as a result of succcasivo apphea 
tions of a sub-thrcahold stimulus to a single effector (128) 

B Effector Fmeitone As explained at an earher pomt m this review, the 
effector or motor functions of the nervous system m sexual behavior are taken to 
include both the mediation of the separate responses mvolved m courtship and 
copulation and the integration of these mdividual reactions into a well-orgamicd, 
biologically effective pattern Most writers agree that the two functions prob- 
ably are earned out by different nervous mechanisms (187, 213, 266, 331) 

1 Ftmdamental ekmente of the coital pattern The complete mating pattern 
18 a complex affair mcludmg preliminary orientation to the partner, execution of 
poetural adjustments nppropnale to coition, and occurrence of the essential 
genital reflexes. 

a Siib-pnmate speciee The basio coital reactions are approximately the same 
m all sub-pnmato species (247a) The female’s fundamental copulatory response 
consists of flattening or depresEmg the back with consequent elevation and ex 
posuro of the permeum, and m those species where it is necessary the tail is 
moved laterally Primary dements in the male’s performance mdudo mounting 
the female from the rear with the forelegs restmg on her back or gnppmg her 
Bides, execution of piston-like thrusts of the hmd quarters and insertion of the 
erect penis Durmg coition most male rodents palpate the female’s sides with 
the forelegs In some species, such as the cat and dog mtromission normally 
occurs but once, and is prolonged until ejaculation takes place. In other speciea 
the male may mount, achieve intromission and dismount ecveral times before, 
on a final copulation, ejaculation occurs 

• Reported by 76 per cent of 291 adolceeent boys (246) 
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From tune to tune there appear m the hterature reports of apparent exceptions 
to this generalized pattern of copulation in lower mammals, nnd it is amusmg to 
note the consistent anthropocentrism with which observers describe ventro- 
ventro matmg m various species None of the published accounts bears careful 
scrutmy, and inaccurate observation or mcorrect identification of the behavior 
observed usually is sufficient td explam the error For example, reports of 
ventro-ventro matmg m the sea otter seem questionable m view of the fact tbat 
the a nim als under observation were a considerable distance away and were 
partially submerged at all tunes (223) Or again, m one study drawmgs pur- 
portmg to represent ventro-ventro matmg m the hamster are m actuaUty il- 
lustrations of fightmg behavior (234) For obvious reasons it is often assumed 
that porcupmes are mcapable of matmg m the manner characteristic of most 
quadrupeds, and m fact some naturahsts have described the copulation of this 
species as occurring while male and female stand facmg each other However, 
careful observation of tame specimens reveals that although pre-copulatory 
courtship often mcludes some sparrmg or wresthng when the pair stand erect 
(265b), mtromission is anatomically impossible m this position When the 
actual mating takes place the male approaches the female from the rear, resting 
his forepaws upon the ventral surface of her tail (which is curved upward and 
over her back), and the female elevates her penneum to expose the gemtaha 
(266a, 300) The european hedgehog copulates m essentially the same fashion 
(164a) 

The statement that the fundamental responses mvolved m the copulation of 
lower mammals appear m relatively stereotyped form should be qualified by the 
admission that considerable vanabihty is possible,’' and under experimental con- 
ditions mdividual ammals may show a surpnsmg degree of adaptabihty m their 
coital reactions Although they cannot mate m completely normal fashion 
bipedal male and female rats from which the front legs have been removed m 
infancy are capable of fertile copulation with normal mdividuals of the opposite 
sex (242) 

b Primates The copulatory pattern common to most sub-human primates 
resembles m many respects that of the lower mammals, although differences m 
body form are of course reflected m behavior In coition the receptive female 
rhesus monkey bends forward at the hips, lowering the head and shoulders and 
presentmg the gemtaha, while the male rests his hands upon the female’s hips 
and gnps her hmd legs with his feet Two to eight pelvic thrusts occur m a 
smgle mtromission and several mountmgs usually are necessary before ejaculation 
occurs (75) 

The copulatory pattern characteristic of the adult chimpanzee is closely similar 
to that of lower pnmates, but detailed descnptions of pre-puberal sex play m this 
anthropoid species mclude repeated observations of the occurrence of ventre^ 
ventro coition This variant of the pattern usually begms when the male and 


1 Under certain conditions the male may attempt to mount the female from almost any 
ande, and highly excited male rats aroused by previous copulations with ^ estrous femme 
may clasp and palpate a non-receptive female even while she is lying on her back in a de- 
fensive position, a reaction which the naive observer might mistake for true copulation 
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femalo are seated embraemg each other in a face-to-face position The female 
leans backward drawing the male over her, her legs enaroUng his back. The 
male’s feet are fiat on the floor, and hia upper legs embrace the female’s pelvig, 
hips and thlg^iB Pelvic movements follow and intromiBsion occurs m some m 
stances (66) • 

2 Effedor mcchantsmt tn the aptnol cord a. In the female Evidence to be 
reported immediately below concerning the spinal integration of genital reflexes 
in male animals makes it appear probable that the female’s clitoral reactions are 
mediated by neural mrcultem the cord There is no direct experimental evidence 
to support this hypothesis but it would seem to be m harmony with the fact that 
these simple genital responses appear veiy early in the post-natal life of female 
anthropoids Thus, erection of the chtons occurs m the female ohimpaniee 
within the first few days after birth (65), and is present as early m the female 
human infant (208) Certam clinical observations also suggest the possibihty of 
"partial orgasm” m the infant human, for it is reported that manipulation of the 
turgcBcent chtons is followed by "immlstakable rehef from tension and restless- 
ness” (208) 

Despite occasional contradictory reports it is fairly well established that 
neural elements withm the spinal cord are capable of supportmg many of the 
basic responses which constitute the adult female’s copulatoiy pattern A1 
though female guinea pigs m which the cord is sectioned at any pomt between 
T5 and L2 are report^ to show no estrous behavior (04), the bitch exhibits 
normal estrous and mating despite complete lumbar section (136) , and female 
cats with the cord transected at Cl display treadmg, opisthotonus and lateral 
deviation of the tail in response to stimulation of the perineum Some mvesti 
gators have reported that the spinal cat shows this behavior oniy dunng natural 
cstruB or under the influence of injected estrogen, and these workers conclude 
that the responses m question are short-arc reflexes which m the Intact animal 
are phasically integrated by hi^ier centers (197, 198) 

There is some dispute regardmg the gonumencss of the estrogenic eflect in this 
instance, and other writers claim that chrome spmal cats exhibit no “estrous” 
reactions (24) There is no attempt to deny the appearance of the responses 
desenbed above, butitis stated that lateral deviation of the tall is shown by males 
as well as females, that treading and opisthotonus may be elicited m the anestrous 

* It Is of genersl Interest to compsrs cottsl perfonnsnee In the sp« with etbnologicsl 
descriptions of the copuUtory techniques employed in vanoos human cultures In a few 
tribes the position moet commonly adopted during intercourse rooombles cloedy that of 
tho other anthropoids the male approaching the stooping female from the rear (132) More 
wide spread is a variation of the ventro-ventro position comparable to the foregoing de 
Bcriptiou of prepuberal copulation in the chimpatuoe For inaUnce copulation as prao 
tlced by all tnbos among tho Australian Abonginee of the North West-Central Queensland 
dletrict has been described as follows The female lice on her back on the ground while 
the male eiie on his heela close in front he now pulls her towartis him and raising her 
buttooks drags them into the inner aspects of hie own thighs, her lege clutching him around 
the fl a nks ’ (2Gfl) This general pattern of coitus la said to be the common form in moat 
primitive Bodeties whereas the ventro-ventro position employed in many European 
oulturoa is regarded by primltlvea as less effootivo and even "abnormal ' (122) 
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female, and that smce they are not dependent upon estrogen such reactions can- 
not be termed ‘'estrual” (24) 

At this pomt m our survey we need not be concerned with the presence or 
absence of hormonal effects and it is sufficient to note that treadmg, opisthotonus 
and tail deviation, which are components of the normal femimne coital pattern, 
survive m the spmal preparation 

Female cats decerebrated at the pontile level respond to mechamcal stimulation 
of the vulva with collapse of extensor ngidity of the forehmbs, and the resem- 
blance of the resultmg posture to the sex crouch has suggested to some observers 
the existence of a primitive bulbo-spinal mechanism mediatmg this element m 
the female’s copulatory pattern (23) 

h In the male That certam elements of the male mammal's copulatory 
pattern can be mediated by spinal mechanisms is shown by the ehcitation of 
sexual responses upon stimulation of the cord, and by the survival of such re- 
actions after cord section 

Apphcation of a low voltage current to the sacral region of the cord evokes 
erection and ejaculation m male rabbits and rats (101), cats (264) and dogs (62), 
and trauma attendant upon cord section ehcits the same responses m male gumea 
pigs (172) In gumea pigs transection between T12 and LI is followed withm 
one to seven mmutes by "rhythmic movements of the ano-gemtal region,”® 
erection and ejaculation (8) The common appearance of pnapism m hanged 
criminals (128) is probably attnbutable to traumatic stimulation of similar 
spmal mechanisms 

Evidence for survival of certam elements m the mascuhne sexual pattern m 
chrome spinal animals is to be found m the reports of several mvestigators The 
spinal male cat exhibits erection when placed m a prone position which bnngs 
the gemtals mto contact with the substratum (102) Followmg supra-lumbar 
transection male dogs show erection and ejaculation m response to gemtal 
mampulation (23), and these reactions can also be ehcited m male humans sur- 
vivmg the same operation (24) 

Sexual activities mtegrated withm the cord are not limited to gemtal responses, 
for certam gross postural adjustments characteristic of copulation may also be 
mediated at this level After lumbar section male dogs respond to gemtal mamp- 
ulation with a senes of reactions that have much m common with the normal 
copulatory pattern These mclude bilateral extension at the knees, ankles and 
hip jomts, depression of the tail and downward curvmg of the pelvic portions of 
the body (261) Masturbatory stimulation of spmal man evokes a composite 
response (of which of course the patient is qmte unaware) which is so obviously 
similar to copulatory activity that it has been termed the “coital reflex” (251a) 

Descnptions of the survival of isolated sexual responses m spinal preparations 
should not be allowed to obscure the fact that these reactions are disconnected 
fragments of a complete pattern, and that m the mtact ammal the functional 

* Although not specifically desenbed, these movements are suggestive of copulatory 
thrusts 
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activity of the spinal mcchaninns undoubtedly is subject to extensive modi6- 
cation by impulses from higher regions of the nervous system " 

3 Effector mcchanims in the tympathebc eyelem. Complete abdominal sym 
pathectomy does not prevent fertile matmg m the female rabbit (65), rat (0) or 
cat (21) , but sympathetic innervation appears to bo heavily mvolved in at least 
one primary element of the mole's copulatory pattern, namely, the ejaculatory 
response 

Male guinea pigs subjected to abdominal sympathcotomy or to section of the 
hypogostne nerves respond to subsequent transection of the sjimal cord n'ith the 
display of erection, but ejaculation docs not occur (8) In this same species 
electrical stimulation of the sympathetic pro- or post-ganghomo fibers servmg 
the genital region evokes ejaculation mthout erection (8), and m the male cat 
stimulation of the mtemal pudendal nerv es chclts the ejaculatory reflex (204) 

Failure of ejaculation due to mtorference with the sympathetic supply to the 
gemtalia produces marked abnormahtics in the copulatory behavior of male 
annuals Gumea pigs suffering sympathetic denem ntion of the gemtals copulate 
repeatedly but do not ejaculate (10), and after the same operation male rabbits 
mate vigoroualy, but the responses accompanymg ejaculation (utterance of a 
characteristic erj and falling off the female) are lacking (300) In the rabbit 
inabihty to ejaculate is reflected m persistent copulatory acta which continue 
unabated until both tlic male and female are totally exhausted (8) In the case 
of the male rat abdominal sympatheotomy ehrmnates ejaculation (300) but does 
not abohsh copulation, and symfiathectomircd rats have been desenbed as 'm 
fertile” (8) or “impotent" (172) although the latter terra is of questionable 
apphcabflity inasmuch os active copulation sumi es 

Male cats m which the lower tuo lumbar segments and all of the sacral cord 
have been removed seise the estrous female, exhibit erection and copulate nor- 
mally However, if the operation mcludes extirpation of the abdominal sym 
pathetic chains or remov al of the mfenor mesenteric gangha, penile erection does 
not occur although the male still grips the female and attempts to copulate (256) 

4 Effector mcchaniemt tn the dienccphalon a In the female Nervous mech 
anisms lymg within the diencepholon contnbute to intcgrabon of the sejiarBtc 
reaponsce which compnso the copulatory pattern of female rodents, lagomorphs 
and carnivores Results of several operative cxjierimonta indicate that in the 
case of the female guinea pig and rat the most imfiortant neural larcmts are to 
bo found within n restneted region of the hypothalamus Mating behavior per- 
sists m both sjiecies despite transection of the brain just nntenor to the mam- 
millary bodies, but is ohminatcd bj section jiostcnor to the mammillary bodies 
and anterior to the superior colhculus (04) Accordmg to other workers the 

'* Direct phyeiolopcal evidence for fnncliimal interrelAtionships between spinal and 
supra spinal mec b anisnis la seen in the report that pemle erection is difiieull to elldt in 
the decerebrate male cat (23) rurthermore in the intact male dog erection or delumea- 
cenco can be conditioned like any other reflex and tho appropriate genital reaponso can 
aobeequontly bo evoked by application of tho conditioned stimnioa c g tho sound of a 
beii (207) 
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guinea pig's receptive responses depend upon only the most ventral portions 
of the anterior hypothalamus, and the mesencephalic tegmentum or the region 
of the mammillary bodies is not mvolved (117) 

Destruction of the caudal hypothalamus is reported to have no effect upon 
matmg in the female cat, whereas extensive mvasion of the antenor hypothala- 
mus eliminates estrous behavior m some females and fails to do so m others (24) 
In this case no essential mechanism is mdicated, but these results suggest that 
certam types of h 3 T)othalamic mjury may reduce the female’s tendency to dis- 
play matmg reactions 

Although lesions intemiptmg the optico-hypophyseal tract are reported to 
eliminate estrus and copulation m tlie female cat (117), the behavioral change 
probably reflects mterference ivith secretory function of the pitmtary (with 
consequent ovarian failure and disruption of gonadal hormone production) 
rather than destruction of any cntical executive centers Descriptions of amen- 
orrhea and loss of hbido followmg injury to the floor of the third ventricle m the 
human female (301) are perhaps susceptible to similar mterpretation 

h In the male In view of the apparent importance of this bram region to the 
mating activities of female mammals it is unfortunate that few experiments have 
dealt With the effect of diencephahc injury upon sexual behavior m the male 
The smgle report available states that damage to the medial half of the hypo- 
thalamus tends to “depress” sexual behavior in male rats, although the general 
area apparently mcludes no structure essential for the integration of the copu- 
latory pattern (78) 

It has been observed that mjury to the floor of the third ventncle may abolish 
sexual desire and potency m the human male (301), and a study of thirty-three 
men with head mjunes m which the diencephalon was the focus of damage re- 
vealed complete or partial loss of sexual desire m the majonty of cases (285) 
However, evaluation of such reports is especially difficult m view of the possi- 
bihty of direct or mdirect mterference with pituitary function, with resultant 
degeneration of the reproductive glands and consequent ehmmation of testicular 
hormone 

6 Effector mechamsms in the forebratn a In female rodents, lagomorphs and 
carnivores Observations to the effect that copulatory responses may simuve m 
female mammals despite complete transection of the brain at the level of the 
antenor hypothalamus mdicate that more rostral parts of the bram are not 
essential to such reactions, and results of vanous experiments confirm this view 

Injury to or complete removal of the cerebral cortex, hippocampus, and the 
caudate-putamen complex does not abolish coital activity m the female gumea 
pig (94), rabbit (65), rat (92) or cat (22) There is in fact some mdication that 
neo-cortical mjuiy may increase the frequency of certam matmg reactions Com- 
pletely decorticated female rats exhibit an mcreased tendency to assume the 
copulatory position, display ear-vibration more frequently and show a decrease 
in the frequency of the back-kicking response by which the mtact female occa- 
sionally repulses the male (45) Bilateral temporal lobectomy m female rhesus 
monkeys is followed by increased willmgness to receive the male and by height- 
ened frequency of masturbation (177) , 
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Kndcnce for the eurvival of certain eatrous rcaclionB in partially or completely 
decorticated females should not be taken to mean that the mating behavior of 
the mtaot animal occurs mdopendently of actnify uithm the noo-pallium, for 
it IS dear that the cortex normally plays an important part in the mediation of 
femimne receptivity One element in the female rat’s matmg pattern consists 
of a tendency to seek out the male and to orient her prc-eopulatoiy heat responses 
tonard him (313) The decorticate female of this species shows frequent cstrous 
reactions but exhibits no tendency to direct such behavior toward the male. 
Furthermore, althou^ all elements of the normal copulatory pattern may sur- 
vive total loes of the neo-palhum, the tiimng or integration of the separate re- 
sponses usually IB disrupted (46) 

b In male rodenie and lagomorphe There are no published reports to m- 
dicate the effects of exclusively non-corbcal forebram injury upon mating ac 
tivity in male animals, tor all mvestigations have dealt with tho results of do- 
cerebration or with the effects of lesions restricted to tho neo-cortex.** 

It IS known that grossly normal copulatory reactions survivo in male rabbits 
dcsjdte removal of all nco-cortical tissue (65), although no quantitative data 
have been presented to mdicato possible changes m sexual responsivoness after 
this operation Mating reactions are also reported to have been shown by four 
of eight decorticate male tats (02), but m an carher pubheation I have questioned 
the vahdity of these conclusions on the basis of tho author’s failnre to reconstruct 
cortical lesiona (which were probably much smaller than estimated) and because 
no direct observations of matmg behavior were conducted (31) 

More systematic studies of pro- and post-operative sexual behavior in corbcnlly 
injured male rate have rev eakd several dgnificant facte Lesions destroying no 
more than 20 per cent of the cerebral cortex do not eliminate mating behavior 
rcgardlesa of the region or regiona involved (31) Such findmgs are in opposition 
to earlier proposals concernmg tho existence of a focahied “sex center” m the 
cortex (77) 

Destruction of 20 to 60 per cent of the cortex may or may not eliminate copu- 
latory behavior (184, 292) Individual differences are pronounced, but if lesion 
sire IS held constant within these limits, coital activity tends to survive m males 
which w ere sexually very vigorous before operation and to bo eliminated in those 
ammals which showed a low pre-opetatrvo sox dnvo (46) As the amount of 
ncoKiortical destruction Increases above approximately 20 per cent there occurs a 
progresBivo decrease in tho proportion of males continuing to copulate, and when 
tho extent of bilateral mvasion exceeds 60 to 76 per cent of tho total neo-palhal 
mass sexual reactions are eliminated in all cases (32) 

Quantitative methods for measurmg and dcscribmg mating activity in male 
rats yield results which emphasire the inadequacy of any attempt to mtorpret tho 
behavioral effects of neural mjury merely m terms of presence or absence of a 
particular response For example, even In those males which continue to mate 
despite cortical mjury, tho tendency to display sexual reactions decreases pro- 

'* I hare observed noimsl copulation in a few male rata BufTcnog destruoUon of approxi 
mately one 6fth of the caudate putamen complex without cortical Injury, but no quantita- 
tive teats were conducted and the findings have not been pubfiehed 
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portionately with increase in lesion size Thus, although some individuals may 
continue to copulate after loss of half of the neo^ortex they mate m only 16 per 
cent of the post-operative sex tests, whereas coition had occurred m 100 per cent 
of the tests given before operation (31) 

The exact nature of the cortical contnbution to sexual behavior m the male rat 
18 not understood, but it seems safe to conclude that the neo-palhum is not es- 
sential to the control of the motor pattern mvolved, for when bram-operated in- 
dividuals copulate the overt reactions are grossly normal (92) Studies of the 
effects of restncted cortical mjury upon sensory capacities m rodents have yielded 
results which suggest that absence of sexual behavior m decorticate animals 
cannot be explamed as the result of mtereference with major sensoiy pathways 
or areas of representation (46) 

The behavior of decorticated males placed with females in heat is charactenzed 
not by abortive attempts to copulate nor by any other sign of mterference with 
- the overt expression of sexual excitement, but by the absence of any mdication 
of primary arousal Neo-cortical mjury appears to decrease sexual responsive- 
ness vnthout senously affecting either the capacity for reception of stimuli or 
for execution of the motor acts of courtship and copulation 

Many isolated masses of nerve cells m the central nervous system appear to be 
concerned with regulation of general levels of excitement and to contnbute httle 
if anythmg to the specific patternmg of reactions (186) For example, studies 
of the function of the bulbo-spmal system in animal locomotion have led to the 
proposal that “one may look upon the medulla as a Stzmitlattons organ which 
mamtams the excitabihty of the spmal cord at a level which enables the latter to 
display its full locomotor activity when exposed to extraneous stimuh at a com- 
paratively low level of mtensity” (143) 

In the case of the male rat it is apparent that nervous mechanisms lying below 
the neo-cortex are responsible for organization of the overt acts of courtship and 
copulation, but the reactivity of the executive circuits to external stunulation 
depends m part upon some function of the cerebral cortex “ The specific nature 
of the cortical influence is not known, but it probably rests upon well-known 
neuro-physiological phenomena such as that of “distant facihtation” (69) 
Relations betiveen the cortical mechanisms and lower nervous circmts mvolved 
m sexual reactions should be conceived as reciprocal rather than unilateral, for 

“ This reduction in reactivity is, of couree, not restricted to the actual field On the 
contrary, it is a widespread effect which influences many types of behavior, and concepts 
of decreased “exploratory activity’’ (185), reduced “vigilance’’ (160), lowered “attention 
(137), altered "affective regulation’’ (236) and increased “apathy” (114) reflect the general 
recognition of decreased responsiveness consequent to brain injury 

”As will be shown later the excitability of the executive circuits is also altered by 
gonadal hormones Normal sexual responsiveness in the male depends not only upon neu- 
ral impulses from the cerebral cortex but upon chemical sensitization by testicular hormone 
In. intact ammals administration of large amounts of androgen may raise the reactivity 
of the copulatory mechamsms well above normal (34) , and in partially decorticated cases 
mating responses can sometimes be revived by androgen treatment (31, 46) It appears 
that in the latter instance the hyper-normal hormone level exerts a compensatory effect, 
maintaimng normal reactivity in the integrative mechamsms for sexual behavior despite 
reduction in the facihtative influences normally provided by the cortex 
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impulses of diencephiiUo, mesencephalic or esen bulbo-spmnl ongm probably are 
capable of modifying the sexual functions of the neo-palhum It is in fact 
known that, m cats, stimulation of spedBo h 3 rpothnlatnlo nuclei facihtates certam 
types of nctivit} withm the cortex, and it has been suggested that "imtlation or 
accentuation of motor phenomena dunng emotional states may have a basis m 
hypothalamic-cortical facilitation” (224) 

The data presented above indicate that sexual arousal and mating responses 
are to be considered as manifestations of an extremely complex pattern of neuro- 
physiological activity involving mediation of some response items by spinal 
centers, phasic mtegration of separate reactions by higher circuits located be 
tween the cord and cerebral hemispheres, and facihtative or inhibitory mter 
action between the foregoing mechanisms and the cerebral cortex.'* 

In male camivoret It is usually accepted that the specificity of cortical m 
Alienee upon sensory motor functions in different species is correlated with the 
general level of development of the neo-palhum In contrast to smooth brained 
rodents, carnivores possess a convoluted and fairly well-differentiated cerebral 
cortex, and it is therefore not surpnsmg to learn that male cats sustainmg par 
ticular types of cortical mjury show disturbances of sensory motor co-ordination 
which are lefiected m the occurrence of inaccurate and abortive matmg reactions 
Coital responses are reported to have survived m six of seven male cats suffer- 
ing bilateral removal of the frontal cortex m oombmationwith ail tissue anterior 
to this region, but sensory motor abnonnahties consequent to the operation 
resulted in a high madence of disonented reactions to the female (183) An m 
crease in eex drive is said to have occurred in some of the bram-operated males, 
but rt IS imposrible to assess the significance of this statement m the absence of 
supporting quantitative data (e g , decreased latency or increased frequency of 
copulation, more frequent or rapid attainment of ejaculation, etc ) 

In an experiment which has not yet been published Dr Arthur Zitnn and I 
tested the mating activity of twenty male cats before and after destruction of 
various parts and amounts of the cerebral cortex. We found that normal copula 
tion Tvas possible after unilateral hemi-decortication, or bilateral removal of the 
frontal, temporal, parietal or occipital lobes. However, although they mated 
normally m some post-operative tests, at other times animals with such lesions 
exhibited disoriented or unco-ordlnnted sexual responses For example, operated 
males sometimes approached and gripped the female from the side instead of the 
roar, and then displayed erection and pelvic thrusts although they were not 
mounted and the genitalia were not m contact with any porbon of the female’s 
body 

Cats subjected to unilateral hemi-decorbcation m combinationwith destruction 
of the contra lateral frontal pole exhibited a strong sex drive as refiected in re 

The concept of cortie&l ftinction In sexaal behavior presented here remnblee in aeveral 
waye interpretations advanced more than thirty years ago In an attempt to combat con 
temporaneooa theories of a cerebral sexual center At that time it was suggested that the 
r61e of the cortex in mating as in most vegetatl^’o and viscersl activities Is generalised 
rather than spedflo although It was recognised that in higher forma the neo-palQum may 
play an Important r6Ie in the associative learning which directs and coordinates specific 
sexual reactions (231) 
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peated attempts to copulate and in the frequent occurrence of erection, but these 
animals were capable of coition only when they were placed upon the receptive 
female Hemi-decortication with destruction of the contra-lateral occipital 
pole elimmated responses to the distant female, but males sustaimng lesions of 
this type were capable of normal onentation and copulatory reactions as soon as 
they came mto ph 3 ^cal contact with the estrous queen 

Cats m which all of the neo-cortex had been removed showed no mterest m 
the receptive female and made no attempt to copulate even when placed upon 
the stunulus animal Other workers have observed that decerebrate cats and 
dogs show no matmg reactions (24) 

In such cases it is difficult to determme the extent to which sexual failure is due 
to mterference with primary sensory capacities consequent to removal of cortical 
projection areas It is known that destruction of the stnate area m dogs and cats 
does not abolish all visual function (131), and m the latter species this operation 
produces no marked defect m optical acmty as measured by nj^agmus mduction 
(271) Furthermore, dogs subjected to extirpation of the auditory cortex retam 
the abihty to discnmmate sounds (2), and the acuity of heanng is only slightly 
impaired (132) Some sound discnmmation is present m cats after removal of 
the entire neo-palhum (304) Bilateral loss of panetal, temporal, frontal or 
occipital Ibbes does not appear to depress olfactory or gustatory functions m the 
dog (1) 

In spite of this sort of evidence, which mdicates partial survival of sensory 
capacities m felme and camne species after destruction of vanous cortical pro- 
jection areas, it is beyond question that extensive neo-palhal mjury produces 
marked reduction in sensitivity to external stimulation, and one is obligated to 
consider the possibihty that absence of copulatory reactions m decortiCate or 
decerebrate male cats and dogs is due solely to mterference with exteroceptive 
function 

Until more data are collected it will be impossible to prove or disprove any 
such mterpretation, but it should be noted that the sensory impairment conse- 
quent to bilateral destruction of occipital, temporal, panetal or frontal lobes does 
not prevent copulation m male cats Furthermore, even the pronounced sensory- 
motor disturbance produced by unilateral hemi-decortication combmed mth 
removal of the remainmg frontal pole fails to obviate sexual arousal and coital 
attempts After complete decortication, however, males give no sign of sexual 
arousal and make no response to the receptiv'e female When these cats are 
placed upon the female in the matmg position they show neither erection (which 
18 reported to occur m the spinal cat) nor pelvic movements In harmony with 
these observations are the reports of other workers to the effect that decerebrate 
male dogs, '‘show no interest m the ruttmg bitch” (138) 

It seems clear that m the case of male carnivores the cortex makes a more 
specific contribution to sexual performance than it does m rodents The question 
remams as to whether, m addition to particular sensory-motor fimctions, the 
carnivore cortex also exerts a general facilitative influence upon lower centers 
more intimately mvoh ed m the mediation of courtship and copulation At 
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present all that can be said is that such an effect is quite posable, for the stnate 
cortex IS knowTi to exert non visual as well as visual effects (188), and studies of 
the pmnafe brain have led to the conolufflon that several cortical projection 
areas, “participate in a more general type of integration that is dissociated from 
their functions as sensory regions” (173) 

d In male and female pnmalee There are no reports dealing with the effects 
of extenmve cortical injury upon sexual activity in male or female primates In 
connection with mvestigatlon of the psychologicnl changes acoompanymg brain 
injury m the rhesus monkey it was noted incidentally that males suffering 
bilateral temporal lobectomy exhibited a stnkmg increase in sexual dnvo The 
important behavioral alterations m males mcluded priapism combined with a 
marked nse m manual and oral masturbation and m the frequency of homo- 
and boterosseiual mtercouree (177), and females with similar lesions are de- 
scribed as giving similar indications of hypernormal sexual resjHmsivenoss The 
significance of this report is not immediately apparent, but it will bo recalled 
that loss of the frontal lobes is said to have produced mcrease in the sexual ro- 
Bponaivenesa of male cats (183) 

Existing knowiedge regardmg the extensive encephahiation of various func- 
tions m the pnmate bram (164) renders it highly probable that at this level of 
the phyletic scale removal of sensory and motor projection areas would produce 
marked abnormalities in the matmg pattern of both sexes and mi^t abolish all 
responsiveness on the part of the male 

6 Evoluttonary irendt Comparison of the effects of forebrammjury upon the 
leproducfave life of fish (227, 229), amphibia (6), reptiles (97), birds (264) and 
mammals mdicates that this most recently evolved part of the central nervous 
system has come to play an mcreasmgly important rfile m the control of court- 
ship and matmg responses (42, 227) The most obvious type of change at 
ascending levels withm the mammalian order lies m the growing influence of 
cortical areas of representation mvolved in sensory and motor activities Pro- 
gressive encepbalisation of sensory motor funobons has naturally affected all 
complex types of behavior, and this process seems to carry with it certam sec- 
ondary nlterabons which are of particular importance m coimecbon with the 
response jiatterns under considerabon here 

It appears that as the loner neural mechanisms mediating various discrete 
sexual reacbons come to bo more and more dojxmdent upon aobvity withm the 
neo-cortex, sev eral associnted changes occur (1) The vanoty of external stimuli 
callable of evoking sexual responses tends to increase, (2) the overt patterns of 
sexual expression tend to become more variable, and (3) the direct importanco of 
the gonadal hormones to sexual behavior tends to decrease These generahsa- 
hons, which are based upon scattered and fragmentary evidence, undoubtedly are 
subject to many excepbons, and may eventually prove to be only poor approxl- 
mahona of the facts, but at the present state of our knowledge they provide a 
useful frame of reference which should be heljiful to an analysis of the behavioral 
and endocrmological data that follow 

C Behmoral Data Belated to the Nevro-Phystdlogtcal Evidence Having but- 
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veyed the physiological evidence concerning neural mechanisms responsible lor 
some aspects of courtship and matmg we may now profitably turn to the con- 
sideration of a complementarj'^ body of data consistmg chiefly of observational 
or descnptive accounts of sexual activity m different mammahan species Some 
of the matenal presented below offers support for conclusions based upon neuro- 
physiological experiments In other instances the behavioral evidence extends 
beyond results established by physiological techmques and pomts the way toward 
potentially frmtful laboratory studies 

1 Relaiton hetween sexual behavior and nan-sexual emotions Little is known 
concermng the neural basis for emotions m general, but observations of behavior 
strongly suggest a close functional relationship between the mechanisms for 
sexual behavior and other nervous structures which are activated durmg vanous 
sorts of intense emotional arousal It is particularly evident that sexual re- 
sponses may appear m non-sexual environmental settmgs which evoke strong 
emotions of different types, and conversely, stimuh which ordinarily ehcit court- 
ship and copulation may under certam conditions call forth vigorous non-sexual 
reactions mdicative of high excitement 

That sexual mechanisms may be activated by non-sexual stimulation is shown 
by the fact that male dogs sometimes display erection and ejaculation m the 
Iiresence of fear-mducmg stimuh (129), and that the same responses frequently 
occur m male chimpanzees subjected to vanous types of excitement such as that 
engendered by presentation of food, separation from compamons, or disciplinary 
contact vnth the trainer (55) Directly comparable evidence is available m the 
case of humans, for painful stunuh may evoke gemtal reflexes m young children 
(171), and pre-adolescent boys expenence erection when fnghtened, as well as m 
other excitmg but non-sexual situations (246) Sexual presentation is sometimes 
exhibited by both female and male rhesus monkeys m response to “generahzed, 
non-sexual excitement” (75) 

The sexual reactions which appear m conjunction mth mtense emotion are 
not himted to fragmentary, gemtal reflexes On the contrary active sexual 
behavior may occur m such situations For example, immature chimpanzees 
occasionally masturbate durmg a fit of anger (178), and cebus monkeys as well 
as apes sometimes mdulge m manual or oral gemtal mampulation when con- 
fronted with a difficult leammg problem (129) Similarly it is reported that 
school children often resort to gemtal play under the stressful influence of class- 
room exammations (171, 172) In human adults extreme frustration may lead 
not only to auto-gemtal activity but to complete hetero-sexual mtercourse (260) 

A state of generalized excitement seems m some cases to facihtate the occur- 
rence and manifestation of sexual arousal Female rats which have escaped 
from their cage and been recaught sometimes exhibit an mcrease m sexual ex- 
citabihty (16), and some males of this species which have become temporarily 
sluggish can be aroused to renev ed copulatory activity if they are batted sharply 
about the cage by the experimenter (40) In some instances male rats which 
fail to imtiate coital activity m response to a given estrous female may do so when 
a new stimulus ammal is mtroduced, even though the second female is no more 
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receptive than the first (298) In this case it seems probable that the disturb- 
ance created by changmg females is responsible for the male’s arousal, an inter 
pietation which gams support from the observation that the same result may be 
obtained by removmg the original female and immediately re-mtroducmg her 
into the testmg cage (34) 

Male rats which are regularly subjected to an electric shock just before and 
durmg the moment that a receptive female is placed in the cage react in subse 
quent tests by mountmg the female the moment she is presented , and ' 'copulatmg 
violently, almost frantically, durmg the ihock" (314) This reaction is the op- 
jKisite of that obtained if the shook is started when the copulation is in progress, 
or just after it is terminated In the latter cases punishment inhibits sevual 
activity m followmg tests 

Mate and female pnmates are known to show sudden mcreases m mating ac 
tivity in response to esating but non-sexual changes m the environment, and m 
some instances the change may be nothing more than the abrupt appearance of 
a human observer (65, 175) It is qmte possible that the stimulating effect of 
non sexual excitement is responsible for the discriminatory behavior shown by 
males of vanous speciea toward new or strange females. In free rangmg rhesus 
monkeys the stnnulua value of a now female is greater than that of a female with 
which the male has been associated for some time, even though the latter animal 
may be fully receptive (76, 76) The result is that the male displays an mcrease 
in copulatory behavior when a new female becomes atmilable Human parallels 
are too obvious to deserve comment 

A high degree of sexual arousal often produces non-sexual manifestations of 
excitement, and this is particularly common when normal coital adjustments are 
blocked For example, male rats with under-developed penes execute repeated 
attempts to copulate with the receptive female, but in the absenoe of intromission 
ejaculation is rare 'When such animals become hi^y excited as a result of a 
senes of mcomplete copulations the frequency of attacks upon the female is much 
higher than m normal matings (60) , and this mcreased aggression seems to bo 
related to the occurrence of intense sexual arousal combined with the failure 
of ejaculation and orgasm Female rata which are extremely receptive often 
launch vicious attacks ufxm males which persist m mvestigatmg and mountmg 
but fail to cojiulate and achieve mtromission. 

The literature contains one report of an inexpenenced male macaque which 
became intensely excited as a result of his inabihty to achieve mtromission even 
though the female was highly receptive and attempted to gmde the penis 
manually After several unsuccessful attempts at coiUon the male left the 
female and began to bite his feet and legs, infliotmg severe wounds Thereafter 
the mere appearance of the female tended to throw this male into a frensy of 
self mutflabon (310) 

2 /nter-jexuol dtfferencet in tvb-pnmale tpeau Behavioral evidence which 
correlates with the results of certain physiological mvesbgabons is found m a 
list of differences between the sexual behavior of males and females of sevoral 
lower mammalian species. 


a Effects of non-semal stimuli upon sexual arousal Among lower Tnftmmglq 
extraneous, non-sexual stimuli have a tendency to inhibit sexual arousal m the 
male Males of many species are inattentive to receptive females and slow to 
copulate m surroundmgs that are novel and strange, whereas under the same 
circumstances females usually mate without hesitation This mter-sexual dif- 
ference IS recognized by commercial breeders (5) and on mmlr ranches, for ex- 
ample, it IS customary to take the estroia female to the male’s living quarters 
for service, for when the reverse procedure is practiced the male, “wastes tune 
explormg the cage, etc ” (179) 

The absence of sexual arousal in a strange environment may be due to fear, but 
more frequently it appears that the male is merely distracted by non-sexual 
stimuh, a situation which occurs less commonly m the female Thus although 
captive female coyotes permit copulation by male dogs, the reciprocal cross is 
difficult to bnng about because the male coyote is easily upset by the artificial 
conditions of cagmg, etc (95) 

The sexually inhibitmg effects exerted by a strange environment may be 
dissipated gradually as the male becomes accustomed to his new surroundmgs, 
and. some mdividnala which fad to mate at the first contact succeed m doing so 
after they have been put with a receptive female m the same cage several days 
m succession In repeated tests the propiortion of male rats exhibitmg coital 
reactions tends to mcrease (36) , a result which is not typical of females and which 
presumably reflects mdividual variance m the readmess with which different 
males adapt to the testmg situation 

In other cases environmental mterference is promptly and completely elimi- 
nated as the result of one successful copulation Regardless of the duration of 
their residence m the laboratory most male cats do not copulate when they are 
first taken to the testmg room and placed with a receptive queen, and this re- 
fractory behavior tends to contmue mdefimtely until coition is once achieved 
In some instances it is necessary to mampulate the experimental situation m 
order to mduce the imtial matmg, but once this has taken place the male thence- 
forth displays spontaneous courtship and copulation m all subsequent penods 
(334) Estrous female cats, m contrast, mate readily durmg the first test under 
laboratory conditions “ ^ 

In some species the male is hesitant to mate with a strange female even though 
die IS fully receptive, but comparable discrimination is not evidenced by the 
female For example, the receptive female porcupme accepts any sexually 
aggressive male upon first contact, whereas males will not attempt coition with 

The observation, that females are less hkely than males to be distracted by non-sexual 
environmental stimuh finds its counterpart in the fact that females of several lower mam- 
mahan species are fully capable of attending simultaneously to sexual and non-sexual 
stimuli, whereas the male gives no indication of this ability The estrous bitch accepts 
food even during coition, while the male is capricious about eating in the pr^ence o a 
receptive female and most males refuse food entirely during copulation (129) I ave seen 
female cats in copula conduct extensive olfactory investigation of a mouse hole in t e txrnr 
floor of the testing room, although such a division of activity has never been observed in 
the case of the male 
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any female until she boa been kept m their cage for sevcml days (266a) Males 
of various domesticated species sometimes refuse to serve certam types of females 
A staDion -which has mated exclusively with dark marcs may show no mchnation 
to mount a -white one, and jacks which have been allowed to serve jennets are 
likely to refuse copulation -with mares (206a) 

The converse of environmental inhibition of sexual responsiveness can be 
seen In the bchavnor of males of se-veral lower mammalian species When a 
male has repeatedly received receptive females m a given external situation, the 
environmental setting tends to acquire sexually-exoihng qualities mth the 
result that coital reactions may be ehcited by any one of a wide vanety of stimulus 
ammals offered in that setting Althou^ sexually mexpenenced male rats 
usually attempt to copulate only when gjven a female rat in estrus (41), many 
males which ha-ve copulated -with receptivre females m a particular testmg cage 
will subsequently attempt to mate with males or non receptive females (30, 
174, 286), or even with females of a foreign species (41) when such animals are 
encountered m the onginnl testmg situation Male rabbits accustomed to re- 
oeivmg eetrous does m the hvmg cage will, "mount cats, kittens, gumea pigs, and 
even dead or manimate objects” offered in a similar fashion (65) 

The sexual responsiveness of male mammalB may be depressed m an environ- 
mental setting associated with conflict or jiain Neurotic male dogs are slow to 
mate with estrous females presented in the experimental room -where the neurosis 
was mduced, although in the paddock copulation may occur promptly (129) '• 
Lasting inhibition of the male’s sexual resjxmsiveness sometunes results if arousal 
IS attended by puniriiment Male rats subjected to dectrio shock durmg or 
immediately after copulation -with the female usually fail to mate m subsequent 
tests (314) Male marten which are scratched or cut by the female durmg mat 
mg are apt to show httle mterest m receptive females presented on succeedmg 
days (204) 

Expenences encountered durmg the first complete sexual contact exert a par- 
ticularly potent effect upon subeequent responsiveness. In training young 
male foxes for service, breeders take care to select females that are gentle and in 
full heat in order that the male shall toot be attacked or frightened and thus 
spoiled for future use as a sue, but such precautions are regarded ns superfluous 
m the case of an oxpcnenced stud male (108) If a fight occurs during mitial 
matings the young mole mink is unlikely to de-velop sufficient aggressiveness to- 
ward the female, whereas after a few successful copulations, "he will have ac 
quired confidence and his future as a breeder is assured " (170) 

The facts that extraneous stimuh tend to mterfere with the male’s reactivity 
to the receptive female, and that pre-vious expenenco may alter the mate’s 
Busceptiblhty to sexual arousal appear to be closely related to the observation 

” Evldeuce of thia type may bear a rignlficaat rtlationahip to clinical obsorrationa 
BOgcettlag that conflict, anger or fear aro capable of aappreaaing loxual tcndencleo in the 
human (74) that the majority of patienta aulIcriDg "anidety attacks ’ complain of sexual 
diflBcultlcs (129) , and that interference with normal sexual function la a common symptom 
in various psychoses particularly paranoia (300) 
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that the cerebral cortex exerts a profound effect upon copulatoiy behavior m the 
male but is less important m the coital adjustments of the female In the case 
of the male a profusion of non-sexual stnnuli may evoke withm the cortex a senes 
of activities mcompatible ivith those essential to sexual responsiveness, with 
the result that the effector mechamsms for courtship and copulation receive no 
facihtative impulses from higher ‘centers Conversely, stimuh which ongmally 
possess httle or no effect upon sex responses may, by a process of cortical condi- 
tionmg, come to exert pronounced effects upon sexual mechamsms 

b Pre^pvtberal sexual actimhes In many sub-pnmate species there is a 
marked mter-sexual difference m the age at which recognizable copulatoiy re- 
actions appear Althou^ female rats do not exhibit any part of the adult 
feminme coital pattern pnor to the first complete ovarian cycle (which usually 
occurs at 45 to 50 days post-partum), males of this species mount and palpate 
other rats and may show pelvic thrusts as early as twenty-one days after birth 
(43) Comparable pre-puberal sexual responses are shown by male guinea pigs 
(193), hamsters (62), marten (204), cattle (169) and hons (88), but in none of 
these forms does the pre-pubescent female display the complementary feminme 
reactions 

These extreme differences probably are not due exclusively to neural factors, 
but are related m part to differential rates of development withm the secretory 
portions of the male and female gonad Thus the mterstitial tissue of the testis 
matures earher than its ovarian counterpart (27, 311), and produces hormone long 
before the ovary begms to elaborate and release its endocnne products (27, 169, 
231) It seems likely, however, that the relatively early appearance of mascuhne 
sexual performance and the delayed onset of feminme receptivity is to be under- 
stood as dependmg upon central nervous differences as well as hormonal varia- 
tion, for it has been shown that adult male rats which were castrated on the day 
of birth exhibit sexual responses that are identical to those charactenatic of the 
mtact, immature male (50) 

3 Sexual differences and simUanlies in pnmaies Male and female monkeys, 
apes and humans do not exhibit the same mter-sexual differences as have been 
described for lower mammals, but certam types of variation which are apparent 
suggest that at these higher evolutionary levels the nervous elements mvolved 
m sexual arousal and coital performance are not identical m the two sexes 

a Pre-puberal sexual activities Both male and female pnmates display sexual 
responses dunng early hfe Penile erection is present m the macaque soon after 
birth, and by the seventeenth post-natal day males repeatedly rub the glans 
against objects m the environment Rhythmic sex patterns become a regular 
habit dunng the first year, and male infants use rubber pla3d;hmgs “m a sexual 
fashion” (166) The female rhesus shows sexual presentation as early as six 
months after birth Infant chimpanzees of both sexes mdulge in frequent and 
highly variable sex play which ranges from manual and oral masturbation to 
heterosexual copulation with mtromission and pelvic thrusts (55) 

In view of the common occurrence of pre-puberal sexual activities m every 
pnmate species which has been mvestigated it is not suipnsmg that sex mterests 
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are detectable in \ crj } oung children ot all cultures (122) In some social set- 
tmgs infantile sexual tendencies may not beeome well patterned until puberty 
(139), but social taboos against overt sexual relationships do not completely sup 
press such activity (246, 203) 

From the evolutionary pomt of view it Is especially sigmficant that m cultures 
which permit free and unrestricted sexual expression, the common patterns of 
pre puberal play bear close resemblance to those observed in the immature 
chimpanxec, including gemtal mampulabon, oral contact and copulatory at- 
tempts with intromission and pelvic thrusts (201) 
b Sex diffcrauxt in aduUhood Published accounts of sexual behavior m 
primates do not contam as many mdications ot mter-aexual difference as were 
cited aboie m coimection with sub-pnmate species, but studies of reproduction 
in the chimpaniee indicate that certam important male-female variations do 
exist 

4dult male chimpanzees lacking cxpenence m heterosexual relations often 
are unable to effect complete umon on first contact with the receptive female 
Sexual arousal appears to occur normally, for erection takes place promptly and 
the male usually attempts to cover the female In most cases, however, the pat- 
tern goes no farther than this, and Intromission and ejaculation are not achieved 
In subsequent matings the copulatory pattern is gradually perfected and even- 
tually sexual competence is achieved as a result of practice and learmng (326) 
The female chimpanzeo lacking any mating expcnence is obviously better 
prepared for copulatory behavior than Is the inexperienced mate (65) When 
inexperienced females are caged with expenenced consorts mating is carried 
out without undue difficulty, and even when the partner is a sexually naive 
mole, the female's responses are adequate and may even mclude manual at- 
tempts to direct the penis mto the vagina 020) 

It IS unpossible to assess the importance of trainmg and experience to sexual 
performance m the human In the first place too httle is known concerning the 
amount and diversity of sexual expenence gamed before reproductive matunty 
by members of either sex within our own culture It seems fairly certain that 
the ov ert pre-mantnl sexual expenence of the average male far exceeds that of 
most females (170) , but the breadth of vicarious expenence made possible by 
language would appear to obviate total naivetd in any mdividual 
The on^nal data have been subject to a great deal of just cntidsm, but it 
may be worth while to point out that descnptions of “feral” man indicate a very 
low sex dnve rather than an mtense and undisciplined hbido The adult moles 
Tomko of Zips and Kaspar Hauser are reported to have shown no interest what- 
soever m sexual matters, and careful consideration of similar cases has led one 
reviewer to conclude that as far as humans are concerned “the social ohannehng 
of sex IS much more necessary for its full expression than migjit bo thought” 
(333) 

4 Buexwil maUng nadtom Expenmentalists ordinarily t hink of masculme 
sexual behavior as appearmg m male animals, and feminine activity in females, 
but there are numerous observations to prove that normal, untreated female 
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mammals are capable of exbibitmg nearly all elements of the masculme copula- 
tory pattern, and that sexually active males occasionally display femmme coital 
responses Animals showmg matmg activities typical of the opposite sex also 
execute the copulatory pattern of their own sex vuth normal frequency and effec- 
tiveness, and these facts must be taken mto consideration m any analysis or 
interpretation of physiological mechanisms responsible for courtship and coition 

a Incidence and characteristics The display of male-hke mountmg with pelvic 
thrusts by normal females has been described m the case of the rat (29, 36, 61), 
guinea pig (331), rabbit (168), golden hamster (reviewer’s observation), porcupine 
(266a), short-tailed shrew (232), marten (204), dog and cat (reviewer’s observa- 
tion), sow (3), cow (327), rhesus monkey (76, 149), and chimpanzee (65, 325) 
Records of the appearance of femmme sexual behavior m male mammals are 
less common, but estrous reactions have been observed m male rats (29, 47, 49, 
289), gumea pigs (60), golden hamsters (reviewer’s observation), rhesus monkeys 
(76, 149), and chimpanzees (65) 

It 18 noteworthy that male rats which exhibit femimne sexual reactions m- 
vanably prove to be unusually vigorous copulators when placed with receptive 
females (29, 47, 289) They mitiate coition with very httle delay, execute few 
incomplete copulations and reach the pomt of ejaculation much sooner than 
most animals of the same stram Furthermore, such rats are most likely to dis- 
play female behavior at times when they are highly aroused as a result of pre- 
vious contact with estrous females It has been my expenence that the most 
rehable method of ehcitmg the femmme matmg pattern is to allow the male 
several copulations with a receptive female, to remove the female before the male 
can ejaculate, and to mtroduce a second male who iviH mount and palpate the 
bisexual mdividual If the experimental animal is not sexually aroused, or if he 
has just ejaculated, it is difficult if not impossible to evoke femimne responses 

The ear-vibration, which is an mtegral part of the female rat’s sexual pattern, 
may be executed durmg copulation by male rats that are highly aroused but in- 
capable of ejaculation (50) The males which have been observed to show this 
reaction were mdividuals castrated at birth and mjected with large amounts of 
androgen m adulthood As a result of very early castration the penes were very 
small and did not permit mtromission at normal frequency, but androgen treat- 
ment resulted m a high level of sexual excitabihty, and the experimental animals 
executed numerous copulatory attempts when placed with females m heat 
Although the males gave many signs of bemg mtensely excited, the infrequency 
of mtromission prevented ejaculation, and under such conditions some mdividu- 
als repeatedly displayed ear vibrations while they were mountmg and palpatmg 
the female 

The foregomg observations suggest that the neuro-muscular mechan i sms 
mediatmg femmme sexual reactions m the male are most likely to he activated 
when a state of pronounced sexual excitement exists, and when execution of the 
complete masculme pattern is prevented In addition, of course, apphcation of 
the appropriate pattern of external stimulation is essential if the entire sequence 
of femmme responses is to be ehcited 



BEXUAIi BEHATIOR IN UAMMAU 


289 


In connection vnth the question of external etunulation it should be observed 
that the masculine mating pattern is called forth In females by the same stimuli 
which evoke it m males, while the feminine responses of males are elicited by 
thoee external events which normally Imtiate these reactions in the female 
Thus, female rats exhibit masouhne matmg behavior most frequently and m- 
tensely when they are confronted with other females which are highly receptive 
(61), and mal^ of this species show feminine reactions when they are mounted 
and palpated by other males (47) 

In considermg these facts one becomes aware of the possibhty of dealing with 
courtship and copulatory behavior in terms of stimulus-response relationships 
which are relatively constant in all mdmduals regardless of genetic sex, and it is 
apparent that the neuro-muscular mechanisms responsiblo for many such re- 
lationshipe are present in both male and female mammals In either sax the 
nppheation of pressure to the dorso-lumbar region tends to ehdt lordosis and 
opisthotonus, and m either sex the multi sensory pattern of stunulation pro- 
vided by the receptii’e female tends to evoke pursuit, mounting and palpation 
with pelvic thrusts " 

b Inmlalions It would be a mistake to minimise the lumtations of potentinl 
bisexuality m matmg behavior Briefly stated these are three m number (1) 
limitations imposed by differenoca m the ovarian and testicular hormones, (2) 
lumtations imposed ty genetic differences m the thresholds of responsiveness 
within the neural mechanisms for mascuhne and femimne behavior m the two 
sexes, and (3) lirmtabons imposed by differences m morpholofdcal Btructuro, 
particularly that of the gemtaha 

As will be explomed at a later point m this renew, sensitinty to external 
stimulation withm the neuro-motor circuits mediatmg masculine sexual responses 
IS greatly increased by testicular hormone, while mechanisms for f eminine re 
sponses are rendered sensitive by ovarian secretions Therefore the mascuhne 
mechanisms m the genetic female are relatively insensitive because of the absence 
of the appropriate hormonal facilitation, and a similar situation obtains for the 
feminine mechanisms m the male 

Even in the abeence of any gonadal hormones there is a difference in the ease 
with which mascuhne and fe mini ne reactions can be eheited in male and female 
mammals. For example, the mole rat castrated on the day of birth (60), and 
the male guinea pig subjected to similar operation long before puberty (276) 
are known to display rudimentary masculine sexual reactions when placed with 
the receptive females during adulthood, but such animals do not exhibit feminine 
copulatory behavior when mounted by other males Thus it appears that in 
the genetic male the threshold of responsiveness in the neural circuits for mnsou 

u The BUgg«Uon that the BcnellcsUy-organlwd nouro muscular system Is within iim 
its potentiaiiy bisexual, carries no implication of antagonism between the feminine and 
masculine mechanisms, and should not bo confused with such nonsensioal formnlationa 
as the following "Thus one must assume that the cerebrum contains male and female 
centers whose antagonistic action and relative strength determine the indirlduai's set 
behavior Homoieruslity results from the vietory of the wrong center ’ (244) 
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line coital performance is inherently lower than the threshold m the mechanisms 
for fe minin e behavior Whether or not the inverse situation obtams m the 
female is not known, but a quantitatively similar differential may be assumed 
to exist, although it seems likely that the mascuhne circmts m the genetic female 
are more easily stimulated than are the femmme mechamsms m the male (61) 
When a spayed female rodent is mjected with androgen, and the neuro-mus- 
cular mechamsms associated with mascuhne sexual behavior are rendered highly 
sensitive to exteroceptive stimulation, the resultmg behavior is less complete 
than that of the normal male The difference appears to denve at least m part 
from the absence of mascuhne gemtaha Although she mounts other females 
in the same manner as a male, and executes numerous copulatoiy thrusts, the 
androgemzed female executes relatively few complete copulations and does not 
show the ejaculatory pattern (15) In fact her behavior resembles closely that 
of adult males from which a portion of the penile bone has been removed (50) 
These obsen'ations make it possible to assume that the mcompleteness of the 
pattern is m both instances referable to lack of mtronussion with consequent 
failure of one important source of sexual stimulation which operates to produce 
mtense excitement m the normal male 

5 Behavior involving auto-genttoH stimulation a Incidence and charadenshcs 
Under certam conditions male and female mammals of many species mampulate 
their own external gemtaha In some animals auto-gemtal stimulation occurs 
m close conjunction vnth copulatory behavior, imder the influence of sexual 
excitement generated by previous contact with the opposite sex Members of 
other species exhibit similar responses m isolation, and their behaAuor mdicates 
that the resultmg sensations mduce defimte erotic effects 
Although there have been no experimental attempts to determine the physi- 
ological mechamsms mvolved, the widespread occurrence of auto-genital mampu- 
lative reactions suggests that this type of behavior may be a fundamental element 
m the basic mammalian sexual pattern, and as such it deserves attention m the 
present review 

It 16 reported that sexually excited male porcupines mampulate the gemtalia 
with the forepaws and often walk about on three legs, straddlmg a long stick 
^ which IS held m one front paw and extends backward between the hmd legs, 
commg mto mtimate contact with the penis (266a) 

Lickmg and mampulation of the penis constitute mtegral parts of the coital 
pattern m many rodents, mcluding the rat (286), golden hamster (247b), and 
short-tailed shrew (232) In the last-named species post-copulatory perns 
mampulation is thought to be essential to fertile matmg, for after each mount 
regardless of the occurrence of intromission the male must return the penis to its 
sheath before he is capable of pursumg the female (232) 

Ejaculation has not been observed m connection with auto-gemtal mampula- 
tion by male rodents and it is not at all certam that such activity is sexually 
stimulatmg, but there is some evidence to suggest this may be the case Ac- 
cordmg to some experimenters the male rat’s penis hckmg often is accompamed 
by distmct pelvic movements similar to those occumng dunng copulation (286) , 
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and males of this species in which overt copulation has been inhibited by eleotnc 
shock respond to the presence of the estrous female with a pronouneod increase 
in the frequency and duration of oral mampulabon of the phallus (314) 
Females of lower mamranhan species characteristically nibble and lick the 
vaginal orifice after each copulation or senes of copulations, and this response 
forms a particularly pronunent element m the post-copulatory “after reactions” 
shown by female cats The female poroupme in heat may seise and straddle 
small stacks, supporting one end with a forepaw and ndmg the sbok about the 
cage m such a manner ns to stimulate the external gemtaha (266b) 

Caged male rhesus (177) and cebus (129) monkeys often masturbate to the 
point of orgasm, and such behavior has sometimes been interpreted as an “ab- 
normal” response induced by artificial conditions of sexual deprivation (149) 
This point of view appears to reflect morahstic conviction rather than aecumte 
observation, for masturbation with ejaculation occurs m free-rangmg, sociall} 
dominant male macaques which have free access to receptive females (76) 
Adult male chimpantees frequently stimulate ejaculation by manual or oral 
masturbation (270), and munature males of this species masturbate several 
years before ejaculation is jiossible (66) 

Auto-gemtal stimulation la not peculiar to male pnmats, for it occurs m the 
female rhesus (177) and m both infantile and adult chunpansecs (66) and gorillaa 
(323) The female ape may masturbate with the fingers or wth foreign objects 
such as fruit, pebbles, leaves, or projecting comers of boxes 
In humans ns m other primates auto-gemtal manipulation begms long before 
puberty and occurs m a high proportion of the population According to one 
authority, “masturbation with partial orgasm may begm in the first year of life 
and contmue irregularly thereafter m both sexes” (208) Other observers state 
that grasping and manipulation of the penis are frequent by the third year m the 
human male although gemtnl stimulation is said to occur less often in the fenmle 
(190) 

Eegardiess of the exact age of its initial appearance (which must bo subject to 
considerable mdividual difference) there is no doubt concerning the very hi^ 
frequency of masturbatory behavior in reproductively immature humans, par 
ticularly males In one senes of interviews 90 per cent of 291 boys refiorted the 
practice of masturbation begmning before or soon after the onset of adolescence 
(246) That activity of this character is not limited to members of Eurojican 
cultures is amply demonstrated by reports of its widespread occurrence among 
primitive tribes (122) 

b EslMtshmmt o/ masturbalory fiabtf* tn the human In view of the common 
tendency to regard human masturbation as an “abnormal” or “substitute” re 
sponso it may be w orth while to pomt out one course of events by which deep- 
rooted habits of genital manipulation may be established doting infancy or early 
childhood 

It is well known that in most if not all pnmates gemtal reflexes appear soon 
after birth In the macaque monkey penile erection is seen during the second 
post-natal week (166), and penile and clitoral tumescence occur in chimponieca 
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at birth (65) Male and female human infants eidubit turgescence of the perns 
or chtons at bmth, and m the case of males three to twenty weeks of age the 
average frequency of erection vanes from four to thirty-five within a 24-hour 
penod (148) The occurrence of a defimte response to masturbation m human 
infants is mdicated by the report that mampulation of the erect penis or chtons 
IB followed by “unmistakable rehef from tension or restlessness” (208) Al- 
though the limited neuro-muscular capacities of very young infants would not 
permit prolonged auto-gemtal stimulation, it is known that graspmg and handhng 
of the phalhc organs occur frequently by the third year (190) 

To these data concermng gemtal activity must be added the fact that con- 
ditioned reflexes can be established m very young infants For example, if a 
buzzer is always sounded ]ust before presentation of the breast or nursmg bottle, 
babies less than one week old react to the auditory stimulus by opemng the mouth 
and making suckmg movements (205) 

It may be suggested that the spontaneous occurrence of gemtal tumescence 
tends to ehcit mampulatory responses, that these m turn result m detumescence 
accompanied by rehef of tension, and that the resultant stimulus-response as- 
sociation IS strengthened by each repetition In such a case regular habits of 
auto-gemtal stimulation could become firmly established m mfants as soon as 
neuro-muscular development was sufficient to permit locahzation and repetitive 
naampulation of the gemtaha 

Hormonal factors in sexual behavior Many observational and exper- 
imental findmgs combine to indicate that various hormones, particularly those 
of gonadal ongm, may exert pronoimced effects upon the sexual behavior of male 
and female mammals Earher reviews provide comprehensive summanes of the 
hterature on this topic (49, 86, 91, 288), but the pertment data will be surveyed 
m a somewhat different manner in the present article In preceding sections an 
attempt has been made to define the neuro-physiol ogical factors responsible for 
courtship and matmg, and it has been stated m passmg that the functional 
capacity of certain nervous mechanisms is influenced by endocrme products 
It npw becomes necessary to consider the evidence upon which such conclusions 
are based and to attempt to understand the ways m which glandular secretions 
may exert their specific behavioral effects 

A Relaiton of Oonadal Cycles to Maivng Actwiiy 1 Normal cydes tn lower 
mammals In males and females of seasonally breeding species and m females of 
polyestrous forms complete matmg performance normally occurs when the 
secretory activity of the gonads is at or near the maximum (49) The heat 
responses of female rats (69) and gumea pigs (329) usually appear only when 
mature ovarian folhcles are present, and a similar correlation exists m the case 
of other domesticated animals such as the cow (164) and horse (153) Males of 
these species are continuously active sexually and the secretory activity of the 
testes appears to be more or less constant, but m seasonally breedmg forms 
like the marten (204) and deer (319) the male’s ruttmg behavior comcides with 
the recrudescence of the testes 

Although a close positive relationship between high gonadal activity and overt 
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sexual behavior is a general rule in nearly all lower ynammalian forms, some 
individual exceptions exist in most if not all species Some female mink whose 
ovaries contam many large follicles refuse to receive the male (109) and a tew 
rats (69), guinea pigs (61) and cows (166) show normal ovarian cycles but never 
exhibit heat behavior All strains of laboratory rats apparently contam an 
occasional male that never displays copulatory activity despite the possession of 
histologically normal testes and well developed accessories (40) 

In the majonty of sub-primata species the pregnant female is not sexually 
receptive, but exceptions to this rule are evidenced by reports of frequent 
copulation shown by gravid golden hamsters (62) and rabbits (168) In the 
latter species, as a matter of fact, willingness to receive the male bears no observ- 
able relation to fortuity, for it has been found that in the wiid rabbit, Oryticlagut 
mmicuhu, males copulate twice as often with pregnant or diestrous females as 
with those which are capable of insemination (63a) 

2 Induced cydee in lower mammals By the administration of gonadotrophic 
substances it is often poesible to mduce unscasonal development rf the gonads, 
and the consequent Increase m gonadal hormones results m the appearance of 
mating responses m female ferrets (130), sheep (86), swine (332), horses (90a, 93n, 
167), cattle (164), cats (126, 219), dogs (189a) and rodents (112, 320) It should 
be added, however, that although folhole growth and ovulation occur m a high 
percentage of females subjected to gonadotrophic stimulation, the mduction of 
estrous behavior is achieved in a smaUer proportion of cases (235a) 

Gonadotrophic stimulation of the immature testis or ovary may evoke the 
secretion of endogenous gonadal hormones which m turn cause jirecomous sexual 
activity For example, female mice injected mth fresh pituitary substance wiU 
mate at fifteen days of age, and rats subjected to the same treatment show ali 
of the behavioral sigus of estrus at twenty two days although at this age they are 
so small that adult males cannot effect copulation (272) Female rats mjccted 
with chorionic gonadotrophm on the twenty-second day after birth mate and 
conceii e three days after treatment (83), and admmistmtion of anterior pitmtary 
extracts to immature male rats is reported to result in "premature pajchic 
maturation” (283) 

Findmgs of this nature indicate that the neuro-muscular factors mvolved in 
adult sexual behavior are functionally organiied long before the advent of repro- 
ductive matunty, and that the activation of these mechanisms merely necessi 
tates the presence of adult hormone levels As a matter of fact there is one bit of 
evidence to show that m some species adult mating responses ate possible 
immediately after birth. For the first few jxiat natal hours female and male 
gumea pigs respond to tactile stimulation of the rump with the execution of 
lordosis and opisthotonus in a manner typical of the sexuallj receptive adult 
female (60) Presumablj these reactions occur under the influence of temporar 
ily Burvivmg maternal hormones, in any event thev disappear wnthm the first 
daj after buth 

•* Tn Ibij apecies there appeius to bo little direct correlation between wavea of developing 
follicicB and wHiingneas to copulate (109) 
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3 Normal cycles tn prtmaies The interrelationship between ovanan cycles 
and sexual behavior is less clear-cut in the intermediate and higher primates than 
in lower mammals In more primitive prunates such as the lemuroids the 
female’s receptivity apparently is still heavily dependent upon gonadal hormones, 
for the female galago, G senegdUnsis mohlt will mate only durmg physiological 
estrus (193a) Among the monkeys, however, the situation is altered shghtly, 
for although the female rhesus is fully receptive only at the tune of ovulation (20) 
she may permit copulation durmg other stages of the cycle (75), and her readiness 
to accept the male is affected by social and behavioral factors as well as by her 
own physiological status (76) Even greater mdependence from ovanan con- 
ditions IS to be 6een m the sexual activities of female apes The chimpanzee may 
display sex presentation and receive the male at any point m the menstrual cycle 
(309, 324, 326), and although marked mdividual differences undoubtedly exist, 
it appears that this pnmate stands midway betwen the monkey and human as 
regards the degree to which ovanan condition affects social behavior (330) 
It has proven extremely difficult to identify possible effects of ovanan cycles 
upon sexual responsiveness m the human female, but it seems fairly certam that 
hormonal influences are much less important m our own species than m any 
lower form Vanous investigators have reported that most women experience 
maximal sexual excitabihty just before and just after the penod of menstrual 
flow (93, 96, 299), but non-hormonal factors undoubtedly contnbute materially 
to any such vanation m desire for mtercourse 
Incomplete as they undoubtedly are, the available data strongly suggest the 
existence of an inverse relationship between advancmg phyletic status and the 
degree to which the female’s sexual behavior is controlled by ovanan hormones 
The full significance of this observation becomes apparent when it is considered 
m conjunction with previous statements concermng the evolutionary mcrease 
m the importance of cerebral functions to the sexual activities of mammals 
B Effects of Oonadectomy Direct evidence for the function of testicular and 
ovanan hormones in sexual behavior is provided by descnptions of behavioral 
changes which follow removal of the reproductive glands 

1 Removal of the ovaries The effects of ovanectomy upon matmg behavior 
vary according to the phylogenetic status of the species, and m higher mammals 
individual differences are apparent In female rodents (165, 296, 315), ungulates 
(7, 211), and carmvores (22, 181, 189, 197) the operation occasions prompt and 
complete ehmination of copulatory reactions 
In the female rhesus monkey sexual responsiveness ordinarily is lost rapidly 
after ovanectomy (13), but under special conditions, such as those consequent to 
specific types of brain mjury, copulation may occur frequently despite gonadec- 
tomy (177) Female chimpanzees tend to show sexual presentation and permit 
copulation many months after loss of the gonads, although the residual beha'^or 
IS less frequent and prolonged than that occurrmg durmg the ovulatory penod in 

mtact ammals (80) + j «• + 

The sequelae to human ovariectomy are m dispute Accordmg to cmeren 
authors this operation may mcrease (203), decrease (81, 124, 162, 202), or aim no 
effect upon sexual desire m women (115, 312) The lack of agreemen e een 
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authonbes Btron^y BUggesta that individual differences are marked and that 
hormonal effects are much leas powerful and ices direct m the sex life of the human 
female than in that of lower forma 

2 Remcval of the tuUi The effects of castration upon sexual behavioT in male 
manrunala differ With the apeciea, with the individual, and with the age of the 
animal at the tune of operation. 

a. Fn-jmbmd caslralum It is sometimes stated that male animals gonadec- 
tomired before puberty exhibit no mating behavior (86), but the limited apph 
cahDily of this generalisation la indicated by reports of frequent if moomplete 
oopulatory reactions in pre-puberally castrated male rats (38) and gumea pigs 
(218, 266, 276) The responaea observed in such animnls usually consist of 
mountmg the receptive female and exhibitmg pelvic thrusts Erection does not 
aeem to occur very often, mtromisaion is infrequent, and ejaculation is lackmg 
(60) Pre-puberally castrated male chimpaniees show much more sexual aotii - 
ity than do similarly operated rodents, and at least some adult apes depnved of 
testes in infancy are capable of frequent copulation with erection and m 
tromlssion (79) 

b Castralion m adtdlhood Male mammals from which the testes are removed 
in adult life may contmue to display coital reactions for many months after 
operation. Casual observation has shown that copnlatory behavior surviveB 
castration m male horses (277), cattle (307), and monkeya (308), although no 
data have been reported which would indicate the complrteness or mtensity of 
the residual sexual activity Quantitative atudies of pre- and post-castrational 
mating performance m male rats (46, 268, 277, 291, 296) and rabbits (293) reveal 
that ejaculation is the first element of the pattern to disappear foUowmg gonadec 
tomy, that complete copulation with mtromission undergoes a progressive declino 
in frequency, and that m some males of both species mcompicto oopulatory 
attempts persist for several months 

The changes which follow castration in adulthood appear to mclude a reduction 
m the drive to seek out the aexuaily-receptive female, for gonadeotomiied male 
rata are less willing than mtart animals to cross an electrified gnd interposed 
between them and the estrous female (228), and castrated male guinea pigs 
display a weakening of the tendency to cross a mechanical hurdle with a female 
in heat on the other side (286) 

The plethono and contradictory literature deahng with sexual ability m cas- 
trated men permits only two geneialiiations The range of individual variabihtj 
IS definitely wider m humans than In any other mammalian speoiM (182), and the 
importance of testicular hormone for susceptibility to arou^ and capacity for 
complete response is less marked in man than in lower forms (216) Some 
authontleB adhere to the extreme view that testis secretions are entirelj dispens- 
able, and that "pre-pituitary’ and “psychic centers” control libido and potenej 
in the human male (113) The majority of wnteis, however, concur m the bohef 
that, although their effects may be less important m human sex fife than in that 
of iower animals, gonadal secretiona do play a major rflle in the normal sex 
behavior of man (240, 286, 302) 

References in the medical hterature report complete survival oi sexual powers 
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m vanous individual cases studied nine, twenty (257), and thirty (113) years 
after loss of the testes In other instances gradual loss of desire and capacity 
for intercourse is said to have become evident at different mtervals from two 
months to seven years after operation (87, 210, 213) Some castrates report that 
although the abihty to achieve orgasm is reduced or eliminated, sexual desire and 
the capacity for erection are not affected, and it will be recalled that m the case 
of male rats and rabbits the ejaculatory response was found to be the most 
sensitive mdicator of post-operative hormonal deficiency (50, 293, 296) 
Partial or complete retention of sexual powers after castration might be m- 
terpreted as a result of androgemc stimulation provided by hormones of the 
adrenal cortex , but it is doubtful that any such explanation is umversally ap- 
phcable, for male castrates with very low titers of urinary androgen may per- 
form coitus several times weekly as long as thirteen years after loss of the 
testes (152) 

A major obstacle to estimation of the effects of castration upon sexual activity 
in men arises from the widely recognized influence of non-hormonal factors which 
may affect susceptibihty to arousal and capacity for intercourse Eepeated 
references to the power of “suggestion” and “psychological factors” reflect a 
general acceptance of the fact that m the human as m no other ammal the cortical 
component is of primary importance m the control of sexual phenomena 
C Effects of Adimnistenng Gonadal Hormones Observed correlations 
between cycles of secretory activity withm the gonads and penodic appearance 
of sexual behavior, and the recogmzed effects of castration upon mating tendencies 
lend considerable support to the behef that ovarian and testicular hormones are 
m some fashion responsible for courtship and mating m many species Evenmore 
direct eiudence for such a conclusion is to be seen m the behavioral changes which 
follow the administration of gonadal hormones to male and female mammals 
1 Ovanan hormones xn the female Many reports describe ,the appearance of 
sexual receptivity m spayed or anestrous female mammals consequent to the 
administration of ovanan hormones Injections of estrogen evoke matmg 
responses m the anestrous cow (157, 321) and ewe (84, 155, 156), and m the spayed 
bitch (181, 189), cat (22, 197), ferret (206), ewe (21), cow (la), and rhesus 
monkey (13) Administration of estrogen to spayed chimpanzees causes swellmg 
of the sex slnn and mtensifies the tendency to court and cohabit with the male 
(80) It may be of considerable significance that the intensity and completeness 
of the sexual pattern mduced by exogenous estrogen is related to the amount of 
hormone adimnistered For example, spayed heifers receivmg estrogen exhibit 
parts of the pattern after one or two treatments, but contmued dosage is essential 
if all of the normal pattern is to be evoked (la) 

Ovanectomized females of some species, mcludmg the gumea pig (58, 61, 165), 
golden hamster (123), mouse (252), and rat (39), show sluggish heat reactions 
when treated with estrogen, and normal estrous behavior appears only if estrogen 
admmistration is followed after a smtable mterval by the mjection of 
progesterone In other species progesterone appears to act as a sex depre^an 
Thus, female rabbits in estrus may refuse to mate followmg progesterone admin- 


I 



SEXnAX BEHAVlOB Df IIAIQUIS 


277 


fatrabon (200), and the estrogen induced heat of the spayed rhesus female is 
reduced by mjection of progesterone (19) 

Individual differences m the behavioral response to hormone treatment have 
been noted in several species For example, spayed ferrets vary with respect to 
the amount of estrogen which must be injected to obtam full behavioral estnis 
(200), and the same is true m the case of cattle In general it appears that 
mdividuals which exhibit the most intense and complete sexual activity prior to 
ovariectomy respond post-operatively to lower concentrations of exogenous 
hormone than do other females whose pre-operative mabng reactions were leas 
easily eliaterL In one experiment the mating performance of a group of heifers 
was observed before castration, and when estrogen was given post-operafavelj it 
was found that, “in general the easier it had been to detect heat [pre-opera- 
tively] the lower was the level of hormone necessary to induce heat after the 
operation” (7) 

It has been noted above that there aro in vanous speciee a few individual 
females which show normal ovarian cycles hut never come into behavioral estrus 
■When female guinea pigs of this type are ovariectomiicd and mjected with 
ovarian hormones sexual behavior may be eheited if very large doses are employed 
(61), and some herfers that have never shown heat behavior will do so followmg 
the administration of very largo amounts of estrogen (167) Findings of this 
nature malco it possible to assume that the original failuro of normal sexual 
receptivity was due, not to a sub-normal supply of gonadal hormone, nor to 
incompletely organited nervous mechanisms, but to the fact that the neural 
circuits lacked normal sensitivity to the facilitating effects of physiological 
concentrations of the essential endocrine secretions 

There aro certain observations which mdicate that comparable individual 
differences are to be found among female chimpaniees. In one study (80) four 
ovanectomiied apes were treated with estrogen and three animals became very 
active sexually, showing matmg behavior identical to that of intact females at 
the height of genital swelling The fourth female exhibited the expected swelhng 
of the sexual skm but would not receive the male, and consultation of breeding 
records revealed that prior to ovaneotomy this particular mdividual had never 
permitted males to copulate 

The fact that in the human female sexual responsiveness is correlated loosely 
if at all with cycles of estrogen production, and the prevalence of contradictory 
reports concermng the sequdae to ovaneotomy m women would not lead us to 
expect any general agreement as to the effects of hormone treatment m o variecto- 
miaed women However, it is reported that foUowmg this operation some women 
continue to display satisfactory mantal adjustments only if estrogen is 
administered (136) In one study seven oophorectomued women received 
estrogen Five patients exponenced a restitution of libido which had been lost 
postoperatively, one case m which pre-operative responsiveness had been low 
described a marked gam under treatment, and the seventh patient reported 
post-opemtive lees with no improvement under hormone (161) Attempts to 
increase posbmenopauaal responsiveiiess by hormone therapy havo not been 
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successful to any degree, and in general cluucal results suggest that any concept 
of human sex drive as solely dependent upon ovarian secretions is “an over- 
simplification of an extremely complicated and subtle reaction” (267) The 
major importance of psychological factors is strongly indicated by reports of 
sex-ual rehabilitation resultmg from psychiatnc treatment (91) 

In connection with the depressmg effects of progesterone upon estrous behavior 
in some louer mammahan species it is of interest to note that this hormone is 
said to decrease the desire for intercourse m women (146) 

2 Testicular hormone in the male Androgen administration results in the 
restoration of normal copulatory behavior m pre- or post-puberally castrated 
male rabbits (126), guinea pigs (219, 265, 275), and rats (219, 266) The progres- 
sive change m sexual behavior which accompames daily treatment of castrated 
male rats is precisely the reverse of the modifications that follow removal of the 
testes Imtial injections evoke an mcrease m the frequency of mcomplete mat- 
mgs Contmuation of hormone treatment calls forth complete copulation with 
mtromission, and lastly the ejaculatory response is restored (46, 50, 296) Data 
of this sort illustrate the important pomt that the mtensity and completeness of 
sexual behavior depend in part upon the level of gonadal hormones, a conclusion 
corroborated by reports of several mvestigators (71) For example, although m 
the absence of hormone treatment the pre-puberaUy castrated male chimpanzee 
may display frequent copulation with mtronussion, the administration of 
androgen is necessary to the occurrence of ejaculation (79) 

- It IS abundantly clear that the concentration of testis hormone just adequate 
to elicit a given matmg response m castrated males vanes from one ammal to 
another, and mdividual differences of this sort are defimtely related to sexual 
responsiveness pnor to operation (50, 296) In tests conducted before hormone 
treatment pre-puberally castrated male rats exhibit wide differences m respon- 
siveness to the receptive female, and when testosterone propionate is adminis- 
tered mdividuals that were highly reactive pnor to treatment tend to copulate at 
lower dose levels than do those vhich showed httle or no sexual activity in the 
absence of androgen (46) This observation suggests that males which respond 
to comparatively small amounts of hormone are mdividuals m whom the nervous 
mechanisms for sexual arousal are relatively excitable even when hormonal 
facilitation is lackmg 

Among males as among females there are some individuals who fail to show 
sexual behanor although the histological condition of the accessory organs 
mdicates that gonadal hormones are secreted m normal amounts Male rats of 
this tjqie sometimes copulate when the concentration of endogenous hormone is 
augmented by admimstration of androgen (31, 294), and this suggests that the 
ongmal failure to mate may have been due to relative insensitivity to normal 
hormone level on the part of the neural mechanisms mvolved m arousal and 
manifestation of sexual excitement 

It has been recorded that some human males suffer noticeable reduction m 
sexual capacity and desire f ollov ing loss of the testes , and in man}’’ such cases the 
adnumstration of androgemc hormone results m increased frequency of erection. 
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intcnaificaticm of sexual dnve, heightened capacity for intercourse, and the 
appearance of erotic dreams (73, 141, 303) It is worthj of note that m men as 
m the males of other mamm alian species the degree to which normal sexual 
function is restored vanes with the dose level of the hormone (160, 241) 

3 Retponx of tnmature aramala lo gonadal hormonci At an oarher point it 
was noted that pre-pubesccnt males and females may display adult copulatory 
responses when the immature gonads are stimulated to precocious secretorj 
activity by the admimstrution of gonadotrophins , and hero it can he added that 
similar behavioral changes are evoked by direct apphoation of gonadal steroids 
Sexual mounting appears m male rats as early as sixteen days after birth when 
androgen is administered on the fourteenth day, and females injected with estro- 
gen show lordosis at twenty-one days, although in the normal course of develop- 
ment this response does not appear until a month or so later (43) 

In like fashion the administration of estrogen to the immature bitch is followed 
by the appearance of all signs of estrua mcluding williiigness to accept the mal6 
(189) Copulatory behavior has not been obsen ed, but there is proof that the 
sexuaHy-stimulatmg qualities of the very young female chimpansee are markedly 
increased by estrogen treatment Although adult males show Uttle sexual inter 
est in normal infantile females, proxiimty to an estrogen mjected female less than 
two years old is reported to have ehclted mtense excitement m an adult male as 
evidenced by the prompt occurrence of erection followed by masturbatory 
responses with ejaculation (104) 

The fadhty with which testicular and ovarian hormones stimulate adult 
copulatory performance in umnature rodents pomts ngam to the conclusion that 
the neuro-muscular organisation for such reactions is completed long before 
matmg behavior normally appears, and that the absence of any femmme reepon 
ses in pre-ndolesccnt females and the mcomplote nature of the pre-pnbescont 
male’s sexual activity are due pmnaiiiy to lack of appropriate hormonal 
facflitation 

Although the mechanisms for matmg apjiear to be completely organised rela 
tively early in life, and although they frequently can be rendered functional 
under the influence of exogenous hormones, their sensitivity to hormonal effects 
IS not fully developed during the period of infancy On the contrary, behavioral 
responsiveness to endoerme secretions appears to be low in the very young infant 
and to increase post-natally m much the same fashion as does the sensiUvity of 
such other elements m the reproductive complex as the uterus, vagina, prostate 
and seminal \ esicles (243) 

New bom gumea pigs respond to tactile stimulation of the rump with the 
exhibition of lordoeia and opisthotonus m a manner typical of the adult estrous 
female (00), and this radicates that the essential neuro-muscular umts are fullj 
organiacd pre-partum, Presumabl} the post-partum heat responses, which per- 
sist for only a few hours, are due to the temporary effects of maternal hormones 
In any event it has been shown that females seven days old fail to display heat 
responses when mjected with ovarian hormones, even though the dosage be verj 
high Examinations repeated at regular intervals show a rapid increase in 
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s^ti^ty to the homones with maxnnal responsiveness appearing at about 
thirty days after birth and continuing for two years (316) The progressive 
ch^ge m reactivity is not due to endogenous ovarian secretions, for it occurs in 
mdividuals spayed at buth The female rat is similarly refractoiy to ovanan 
hormones during infancy, and m this species maximal sensitivity is also attained 
about the thirtieth day after bulh (316) 

I have suggested qmte tentatively that the absence of mating behavior in 
pre-puberal females of lower ma mm alian species, and the relative infrequency 
and mcompleteness of copulatoiy responses in males of the same species are due, 
not to nervous system deficiencies, but to lack of appropriate hormonal facihta- 
tion Now if, for the purpose of exposition, this view is accepted, it provides 
supplementary evidence m connection with previously-mentioned differences m 
the extent of pre-puberal sexual behavior shown by primates and non-pnmates 
There is, so far as I am aware, no reason to beheve that the testes and ovaries 
reach an adult level of secretory function at an earher developmental stage m 
pnmatqs than m non-pnmates, and accordmgly the more complete copulatoiy 
activity of immature male and female monkeys, apes and humans may be mter- 
pretedas a function of the relatively greater importance of cerebral factors m the 
sexual life of higher forms 

D Hormonal Fadors tn Bisexual Moling Behavior In a precedmg section 
of this review it was pomted out that under certam conditions male and female 
mammals may display portions of the matmg pattern of the opposite sex Such 
behavior has commonly been “explamed" as a product of heterologous gonadal 
hormones, and rarely has sufficient emphasis been placed upon other variables 
which are equally powerful m determmmg the type of sexual activity that will 
occur m a given situation From what has been said previously it should be 
apparent that the appearance of a particular matmg response is affected by the 
pattern of external stimulation and by the functional characteristics of the 
neuro-muscular constitution as well as by the chemical nature of the facihtating 


hormonal agents Only when all of these factors are taken mto account is it 
possible to formulate an adequate mteipretation of the execution of mascuhne 
reactions by genetic females and femimne responses by males 
At this pomt it will be profitable to consider first the hormonal mterpretations 
of bisexual behavior, and then to consider a more comprehensive analysis based 
upon less restricted views of the physiological basis for such phenomena 

1 Concepts of specificity and antagonism in the behavioral effects of ovanan and 
testicular hormones Evidence denved from a vanety of sources has led to ffie 
formulation of theones which hold that the effects of gonadal hormones are highly 
specific, that only ovanan hormones can stimulate female morphologi^ an 
behavioral characters, while testicular secretions are solely responsible for 
mascuhne bodily structures and overt reactions (192, 217) 

a Spontaneous or expenmental gonad reversal Transformation o an owry 
mto a testis and the converse change are fairly common occurrences m mem ers 
of some Bub-mammahan classes (82, 89), and moiphological dteratioM o 
tvne are sometimes accompamed by correspondmg reversal of me ove s 
behavior Experiments with mammalian matenal suggest that surgi ex 
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change of masculine and feminine gonads may mduce like results Ovaneo- 
tomized does bearing implanted testes behave sexually like the mature buck 
(191), and castrated male rats (278, 279, 280) or gumea pigs (274, 282) mto which 
ovaries have been grafted exhibit estrous responses typical of the females of 
their species. Spayed female guinea pigs containing active testicular grafts 
respond to normal estrous females by displaying many elements of the mascuhne 
matmg pattern (216, 282) 

b iidmmMirofMin of helavlogoua gonadaX honnonet Changes which are re- 
ported to occur m mating behavior followmg the admlnistmUou of androgen to 
females and estrogen to males lend support to the behef that gonadal seorotiona 
exert highly specific influences upon sexual aotmtiea 
The admmiatration of androgenic preparations occasions the appearance of 
certam mascuhne oopulatory responses in female rats (16, 180, 295), rabbits (170), 
dogs (64), and sheep (84), and castrated male rata treated with estrogen show 
various elements of the female matmg pattern (14) 

This sort of evidence mdicatmg a hi^ degree of specificity in the behavioral 
effects of ovarian and tesbcular hormones is buttressed by additional data which 
suggest that the execution of masculine sexual reactions is inhibited by estrogen, 
while androgen tends to depress feminine mating responses (282) It is stated, 
for example, that the responsiveness of male dogs to the bitch m heat is lowered 
by estrogen treatment (222) , and men giveh estrogemc substances are said to 
oxpenence a decrease in sexual desice (100, 121, 220) 

2 Emdena againtt concepts of aniogonwn or complete epetnfictlj/ Although 
there is no doubt that the behavioral effects of androgen and of estrogen are 
quite disUnguiahable and relatively speafic there are definite limits to such spec- 
ificity, and theories of antagonistio action are definitely questionable 
a Mating behanor of tniereex tndwiduale Intersex pigs with feminine ox- 
ternal genitalia and lateral hermaphroditlsmus always attempt to copalate in 
mascuhne fashion although they may display some of the signs of eatrus (20), 
and hemi-castrated male gumea pigs with one testis and one implanted ovary 
mate m mascuhne or feminine fashion, “accordmg to the animals with whom 
they are brought into contact" (269, 281) I have recently discovered m my 
animal colony several Norway rats m which the external genitalia consist of a 
greatly hypertrophied clitoris and a penetrable vaginal opening The internal 
reproductive organs of some of these individuals include one ovary and an ovi- 
testis. Mating responses are bisexual, and either male or female copulatoiy 
patterns may appear under appropriate external stimulation. 

The sexual behavior of intergrade pigs and of naturally-occuriing or experi- 
mentally produced hermaphroditio rodents shows that individuals beanng tes 
tlcular and ovarian tissue may display overt mating reactions of both sexes, 
and such observations are difficult to reconcllo with any concept of antagonism 
between the behavioral effects of ovanan and testicular hormones How then 
are we to mterprot the reported inhibition of mascuhne sexual behavior by 
estrogen administration, and the diminution of femmme matmg reactions by 
androgen? 

In the first place, none of the experimental reports descnbmg results of this 
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nature include satisfactorily objective or quanfatative behavioral recoids to 
support the conclusions advanced, but even if such data were available, the 
claim for an antagonistic effect of heterologous hormones would not be justified 
A more reasonable mterpretation rests upon the established fact that admm- 
istration of exogenous gonadal steroids tends to depress the gonotrophic functions 
of the anterior pitmtaxy and thus to mterfere with the production of endogenous 
testicular or ovarian secretions (217) 

The explanation proposed here would account for an observed decrease m 
sexual behavior following treatment with heterologous hormone as a result of 
lowered concentrations of endogenous gonadal agents Support for this mter- 
pretation IS found m reports that the implantation of ovarian tissue m the mtact 
male gumea pig is followed by a decrease m the secretion of testicular androgen 
(270) Furthermore, men m whom sex dnve has been lowered by estrogen 
treatment may experience a revival of libido when gonadotrophic substances 
are a dminis tered (142), — a result strongly suggestive of initial mterference with 
hypophyseal stimulation of the testes 

b Btsexudl readtons tn rnorphologically normal antmals Even more con- 
vmcmg evidence against theones of extreme specificity or antagonism m the 
behavioral effects of gonadal secretions is to be found m descnptions of mas- 
culme matmg responses shown by morphologically normal female mammals 
and, less frequently, the display of femimne sexual reactions by untreated males 

At an earher pomt m this review I have referred to the male-hke mounting 
and execution of pelvic thrusts shown by female rats (18, 29, 36, 61, 163, 180), 
hamsters (reviewer’s observations), gumea pigs (329, 331), rabbits (168), 
porcupmes (266a), short-tailed shrews (232), marten (204), dop and cats (re 
viewer’s observations), African hons (88), swme (3), cattle (327), rhesus monkeys 
(76, 149) and chimpanzees (66, 325) Some writers have suggested that this 
type of behavior m females is caused by androgen (163), possibly of ovanan 
ongm (284) However such suggestions seem to be based upon no more than 
an a pnon assumption that the appearance of mascuhne sexual responses 
demands the presence of androgen 

There are several hnes of evidence which seem to argue against the theory that 
mascuhne coital responses m the female are a product of ovanan androgen 
For example, spayed heifers display mountmg behavior (which is a common 
element m the normal estrous pattern of this species) when they are injected 
with estrogen (la) The male-hke moimting responses of the female gumea pig 
are dependent at least m part upon ovanan secretions, for, the frequency of such 
reactions is correlated with the number of matunng folhcles (329) In addition, 
this behavior is mduced m the spayed female by the administration of estrogen 
and progesterone, the same hormones which ehcit sexually-receptive reactions 
(331) However, although the female’s mascuhne sexual activity and femmine 
receptivity seem to be controlled by the same endocnne substances, it is impor- 
tant to note that m some mdividuals the male behavior appears in the absence o 
heat (328) , a findmg which has been taken to mdicate that different nervous 
mechanisms are mvolved (327) Ovanan secretions are not essential to mas- 
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ouline oopulatoiy tBsponsea in the female rat There is no relationship between 
such behavior and wilhngness to receive the male, and the frequency of male 
reactions is not affected by pro- or post-puberal ovaneotomy (61) 

Feminine mating reactions are sometimes shown by male rats (29, 289), 
hamstera (reviewer’s observationa), rhesus monkeys (149) and chimpaniees (66) 
Only in the rat has the hoimcmal basiB for such b^vior been studied (47) 
The Bin gl R imiTTinl described responded to receptive females with prompt and 
vigorous copulation, and reached the pomt of ejaculation much more qmddy 
•Bian the majority of males of the same stram When mounted and palpated 
by other males the eipenmental animal shifted immediately to the femimne 
cmtal pattern The feminine reactions were mtense and complete and included 
hoppmg, ear vibration and deep lordosia 

When the male was castrated the femimne mating reactions disappeared m 
lesa than a week, while masculmo sexual reactions underwent the gradual dechne 
which is charaotensbo m the adult castrate Subsequent administration of 
androgen revived masculine copulation and ejaculation, and restored most of 
the femmine reactions although the latter were sluggishly executed. Injections 
of estrogen and jirogesteronc evoked the complete feminmc jrattern as well ns 
most of the mascuhne responsce, but the ejaculatory reflex was lackmg 

It appears that pnor to operation both feminine and masculmo sexual patterns 
were supported by testicular secretions, and the results of postoperative hormone 
treatment further mdicate that androgen was capable of stimulsling both types 
of behavior The capacity of ovarian hormone to facihtate female behavior is in 
accord with evidence presented earher, and the jartial revival of mascuhne re- 
actions under the influence of these substances receives more detailed conddera- 
tion m the following paragraphs 

c Faradaxtcal effects oj gonadal hormcmes Simplified tbeones proposing 
complete hehanoral specificity of estrogens and androgens are further thrown 
mto question by experimental data which demonstrate that feminmo sexual 
behavior may bo mcreased by administration of androgen and that masculine 
reactions are sometimes intensified under the mfluenco of estrogemc treatment. 

Pre- or poet puborally castrated male rata charactonstically show mcomplete 
mating responses, and complete cojnilations occasionally occur If estrogen is 
injected the frequency of both incomplete and complete contacts nses noticeably, 
although the ejaculatory reaction is not levuvcd (14, 37, 38) Estrogen has been 
observed to evoke male behavior m females as w ell as males Ancstrous owes 
treated with estrogemc hormone tease and nde other females in mascuhne 
fashion (166, 157, 211), and the implantation of estrogen pellets m heifers is 
sometimes accompanied by such bull like behavior as roarmg, pawmg Uie ground 
with the fore-hoofs, and pursumg and mountmg cstrous females (157) The 
masculine copulatory reactions of these estrogen-treated females include pelvic 
movements so vigorous that they culminato m a high projxirtion of pclnc frac- 
tures (119, 120) Removal of the hormone jicUcts is followed within three or 
four deja by disapjicarancc of the masculmo sexual rcsjxmscs 

Complcmcntarj data arc found in reports of the stimulation of femimne 
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the thymus has anything to do with sexual behavior Removal of this body 
durmg infancy has no effect upon the breeding behavior of male or female rats 
during adult life (237) Although one expenmenter has concluded that admin- 
istration of thymocrecm reduces sexual responsiveness m the estrous female 
rat, the published report mcludes no quantitative measures of sexual receptivity, 
and both ex^ienmental and control groups w ere very small (70) 

F Locus and Naiure of Hormonal Action Evidence concerning the ways in 
which glandular secretions brmg about changes m behanor is fragmentary and 
in most cases inferential, but a bnef exposition of the prmcipal recogmzed and 
suspected types of hormonal mfluence will serve to illustrate the problems m- 
volved and may suggest potentially frmtful areas for future mvestigation 

By nrtue of theu systemic effects products of several endocrme glands exert 
mdirect control over the behavior of organisms For example, because of their 
profound mfluence upon metabohc processes, secretions of the thyroid are 
essential to any and all behavioral responses which depend upon normal meta- 
bohc function In the present discussion, however, such generahzed glandular 
effects will be taken for granted, and attention will be confined to the more spe- 
cific influences exerted by testicular and ovarian hormones upon courtship and 
matmg 

1 Loci of action a Extra-neural effects Gonadal hormones stimulate 
growth and development m vanous secondary sex structures which subsequently 
are employed m the execution of behavioral responses Such effects are par- 
ticularly evident m sub-tnammahan forms The advent of breeding coloration 
and gonopod development m certam fishes, hypertrophy of nuptial pads and 
vocal apparatus m male salentia, extrusion of “courtship teeth” m salamandna, 
and development of the copulatory organ m male birds of the order Ansiformes 
depend upon secretions from thelsex glands (49) 

Though usimlly less promment, the secondary sex characters of mammaJs 
are m many cases under the influence of testicular or ovarian hormones The 
final stages of antler growi;h m the male Virgima deer depend upon testicular 
androgen (319), and dunng the ruttmg season the buck employs these hormo- 
nally-stimulated structures in his battles with other adult males The out- 
standmg example of specific growth effects produced m mammals by testicular 
and ovarian hormones is seen in the stimulation exerted by these glandular prod- 
ucts upon the accessory reproductive structures , and some authors seem mclmed 
to beheve that it is by this means exclusively that gonadal secretions affect 
behavior Thus, one writer suggests that the most probable r61e of the testis 
hormone m the sex behavior of the rat is that of “fostermg normal growth and 
development of the reproductive organs and perhaps mamtammg a general 
‘sex tonus’ ” (314) 

Such an extreme ^^ew is negated by evidence presented above to prove that 
sexual reactions may occur m the absence of the accessory reproductive tract 
How ever, it is true that m the mtact animal sensations ansmg from gemtal stunu- 
lation play an important part m the generation of intense sexual excitement 
Furthermore it is known that gonadal hormones are essential to normal groivt 
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of the copulatorj organ In the male rat, for example, perns groath is markedly 
inhibited by castration at birth Ammals subjected to this operation respond to 
androgen treatment m adulthood mth the execution of numerous mcomplete 
copulations, but because of their infontilo phalhc organs such mdividuals rarely 
achieve mtiomiSBion and cannot attain the peak of arousal essential to ejacula 
bon (50) Here then is an illustration of the mdlrect manner in which hormones 
may affect behavior by controlling the development of an essential effector 
structure, and it seems highly probable that additional examples of this type 
of effect win be demonstrated by future experimentation 

b Effects wtlMn ths nervous system Gonadal hormones appear to exert the 
major part of their behavioral effect by may of the nervous system, although 
presently available evidence does not permit any defimtive statement as to the 
exact locus of hormonal notion It is conceivable that the sex gland secretions 
might mfluence behavior by altering the functional capacity of sensory receptors, 
but data to support such an assumption are laobng,'* and the most probable 
loci of hormonal effects appear to He wlthm the brnm and spinal cord 

Some experimentalists have concluded that estrogen controls mating responses 
in the female cat by virtue of its effect upon short-arc reflexes m the spinal cord 
(197) , whereas other authorities prefer to believe that the influence of the hor- 
mone IS exerted prmdpaUy upon the integrative mechanisms of the diencephalon 
(24) Until our understanding of the neural basis for sexual behavior is more 
nearly complete, and until there is convmcmg evidence to indicate the lunits of 
hormonal action, it nould appear safest to assume that gonadal hormones affect 
all of the nervous units mvolved in matmg activity “ 

It has been explamed that erection of the penis is mediated by low spinal 
circuits (23, 24), and there is reason to behove that androgen directly affects 
these primary nervous mechanisms For example, completely decorticate 
male rats injected with large amounts of testosterone propionate exhibit constant 
erection, although they give no indication of sexual excitability and are totally 
unresponsive to the female m heat (46) Shnilar hormone treatment of the 
human male may be foUowed by pnapism even m cases m which there is no 
increase m sexual desire (91) 

It IS clear that reproductive secretions also affect supraspinal levels, for studies 
of estrogemo effects m decerebrate female mammak mdicate that ovarian hor- 
mones alter the functional capacity of midbrain mechamsms involved in the 
integration of the separate motor responses of copulation (24, 94) 

1* It hu been reported that a condJUoti of olfactory hyper aoolty ooours In women twenty 
four to forty-eight hours before the onset of menatruation and porajeta until eeveral days 
after the cessation of flow (107) Whether or not this altered eensiUvity has any hormonal 
basis it is imjioeaible to decide but the possibility Is evident 

*' It seems probable however that sensitivity to hormonal facilitation vanes from one 
eexual mechanism to another It Is known that diflerent morphological sex characters 
require diflerent amounts of gonadal hormone for normal develojiment (235) and it is quite 
likely that shnilar differenoes exist between vanons behavioral tinita, with the result that a 
concentration of hormone sufiicient to support one element in the total mating pattern may 
bo too low to affect certain other segments of the sexual response 
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Finally, it is to be noted that gonadal hormones influence activity luthin 
still other neural structures which contribute to sexual function without medjat- 
mg any of the overt reactions comprising courtship or coition When intact 
male rats are mjected with androgen their responses to the estrous female are 
not matenally altered The promptness with which matmg is initiated, the 
frequency of copulation, and the rapidity with which ejaculation occurs remam 
essentially imchanged However, the hormone does exert a profound effect 
upon susceptibility to sexual arousal which is reflected m the increased variety 
of stimulus ammals capable of evoking mating attempts on the part of her 
monally-altered mdividuals Thus, although untreated males are likely to mate 
only ivith the receptive female, the administration of testosterone propionate 
IS followed by repeated and persistent attempts to copulate with diestrmis 
female rats, anesthetized females, other males, and even with immature fetaale 
gmnea pigs (34) The tendency to become sexually aroused is markedly m 
creased by androgen although the nature of copulatory reactions is not changed. 

It seems probable that in humans the action of gonadal hormones upon higher 
nervous mechanisms may be at least partially responsible for the marked increase 
in erotic dreams descnbed by castrates dunng penods of androgen treatment 
(91),*^ and for the increased pleasure m kissmg and embracmg members of the 
opposite sex ivluch is often expenenced under therapy (212) 

2 Nature of effect a Alleraiion of thresholds At the present state of knowl 

edge theones concerning the probable nature of hormonal effects upon nervous 
tissue are highly speculative, but the more widely accepted suggestions deserve 
at least some consideration Proposals that gonadal hormones “eroticise" tie 
nervous system (71, 282), or “activate” (17) or “energize” (54) nervous patfenu 
are too vague for objective analysis, but it is possible to deal cntically wtimore 
exphcit suggestions such as those to the effect that endocrine secretions acfivdy 
stimulate nervous discharge in various circuits or centers (90, 249), of 
neural activity withm one region or another (111, 168) , 

In the main, theories of the latter type receive only limited support, an 6 
majority of writers on this subject have suggested that hormones neither stun^ 
late nor mhibit nervous processes, but instead act as “sensitizers,” lowering ® 
threshold of particular neural elements to afferent stimulation (23, 40, 187, i 
253, 265, 331) Direct support for hypotheses of this nature is lacking a t o ^ 
some suggestive data are available It is known, for instance, that in 
adrenal insufficiency the irritability of the sympathetic system is 
reduced (159) . 

b Basts for selective action Even if it were possible to demonstrate 
sively that one hormone mcreases the stimulabihty of nervous tifflue 
another fails to do so, there would remam the necessity of explammg ^ ® ^ 
specific behavioral effects exerted by secretions from different 
adequate theory would have to account for the fact that m either ma 

“ Although part of this psychic change may be traceable to inoreassil g® 
during sleep 
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males androgen tends to enhance masouUne sexual reactions, while estrogen 
affects pnmanly the feminine mating pattern. 

In essence ttus means that a particular biochemical agent exerts a strong 
effect upon one nervous mechanism and has at most only a mild influence upon a 
second one, while a different chemical substance is without effect upon the first 
mechanism but plays mtenscly upon tbe other neural circuit. Neuro-chemical 
relationships of this general type are well known m physiology Various anal 
gesics such as cobra venom reduce the sensitivity of nerv o endings for pam with 
out affecting other types of cutaneous receptor organs (195) Presumably the 
differential response of vanous nervous elements to a given compound is due to 
biochemical differences withm the nervous structures themselves, and if this Is 
the case it provides an explanabon for the relative specificity of hormonal effects 
upon behavior 

It is possible that the neural circuits and centers mvolvcd in the mediation of 
fe minin e copulatory responses differ not only structurally but also biochemically 
from those responsible for masculine sexual reactions Furthermore, the mech- 
anisms concerned with fe mini ne coital performance may be, by reason of their 
charactenstic biochemical properties, especially sensitive to estrogen, whereas 
the mechanisms for mascuhne responses, having a different biochemical constitu- 
tion, may be assumed to possess an affimty for androgemc compounds 

■When the castrated female is mjected mth estrogen the hormone reacts with 
tbe nervous elements contributing to femmino mating behavior m such a manner 
as to increase their sensitivitj to afferent stimulation, and sexually receptive 
responses appear In similar fashion androgen mcreases the sensitivity of the 
mechanisms for mascuhne behavior m the castrated male At the same time 
both sexes possess central nervous arrangements capable of mediating mating 
responses typical of the opposite sex , and therefore when androgen is mjeoted m 
the genetic female, or when estrogen is administered to the male, the particular 
nervous mechanism which is sensitive to that chemical substanoe rcacta promptly 
and tbe corresponding sexual pattern appears under conditions of appropriate 
external stimulation 


BUIIUABT 


The evidence reviewed m foregomg pages sen cs first to cmphasixe the pressuig 
need for more mtensive investigation of tho physiology and peychology of sexual 
behavior Existing data are too fragmentary to support any final conclusions, 
but a recapitulation of the more Important aspects of our subject can bo formu 
luted m general terms provldmg it is exphcitiy understood that all such gener- 
aUiations are extremely tentative and may be subject to numerous excoptions 
As a matter of fact, recognumg the many lacunae in presenbday knowledge, 
and reahnng the prevalence of contradictory findmgs, no author could hope 
that hiB interpretations would prove to bo more than rough approxiinations 


oi the truth 

A. Ncvrcioffiail Emdcna 1 Many of the discrete sensory motor components 
of tho complete copulatory pattern are mediated by nervous ciremts lying withm 
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the spmal cord This holds true for males and females and for all mammalian 
species nhich have been studied Various gemtal reflexes and certam gross 
postuial adjustments characteristic of coital activity survive and can be expen- 
mentally ehcited in chrome spmal preparations In the normal animal these 
spmal mechanisms are of course subject to facihtative and inhibitive mfluencea 
from higher nervous lei els 

2 Integration of the separate response umts mto a biologically effective 
behavior pattern is achieved by supra-spmal nervous elements In the case of 
female rodents, lagomorphs and carnivores this function is earned out by mecha- 
nisms lying above the cord and beloii the cerebrum Certam relatively restneted 
hypothalamic regions appear to be mtimately involved m this activity In 
any event it is evident that decerebrate females of the above-mentioned orders 
are capable of fertile matmg with normal males This does not mean that the 
female’s sexual behavior m unaffected by decerebration, nor does it mdicate 
that the normal individual’s coital performance is independent of cerebral 
influences Evidence to the contrary is available 

3 Nothmg 18 known concenung the identity of sub-cortical, supra-spinal 
mechanisms which may contnbute to the integration of the male’s sexual re- 


sponses 

4 In male rodents the cerebral cortex appears to be mdispensable to sexual 
arousal, although so far as is known this part of the bram makes no essential 
contnbution to the orgamzation of the motor acta of copulation 

5 Studies of male cats mdicate that extensive neo-palhal mjury mterferes 
with various sensory-motor adjustments mvolved m coitus, and this undoubtedly 
18 due to the fact that m carnivores the motor and sensory cortices have assumed 
a larger r61e in the control of all types of voluntary activity The totally de- 
corticate male cat shows no sexual behavior, and gives httle or no evidence o 
excitement when placed mth a receptive female The absence of sexual response 
m the decorticate male cat stands in stnkmg constrast to the survival of copu- 
latory performance m the decerebrate female of this species 

6 The extensive dependence of finer sensory-motor co-ordinations upon corti 
cal centers m the primates makes it appear probable that m the monkoyi^P®' 
or human large scale mjury to the neo-pallium would render copulation ^ 
ceedmgly difficult if not impossible However, experimental proof for ® 
assumption is lackmg 

7 It IS known that stimulation of particular cutaneous receptors, loca ^ 

the gemtals and elsenhere, contributes m major fashion to the mtenaification^ 
sexual excitement, but the stimuh mvolved m pre-contact arousal are less v 
understood , 

8 There is httle direct evidence to reveal the sensory basis for sexual 
m female mammals It is established that females of several 

cies are capable of fertile copulation after combined removal of the en 
for vision, olfaction and auffition, but it seems qmte probable that ® { 

approach to the problem would reveal deficits m the total mating pa 
such drastically desensitized mdividuals All that has been demonstra “ 
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they respond approprmtelj to the stimulation provided by direct bodUy contact 
with a sexually active male 

9 Sexual arousal m males of loner mammalian species appears to depend, 
not upon a sm^e, cntioal type of sensory cue (such as odor of the female in heat), 
but upon a pattern of stimulation revolving simultaneous and repetitive activa- 
tion of several receptor systems No single type of end-organ is essential pro- 
viding others remain 

10 Incidental observations suggest that in male and female primates the 
arousal of complete sexual excitement ordinarily rests upon stimulation of most 
of the major receptor structures 

B Behavwral Evidence Laboratory expenments dealing exclusively with 
behavior, and non-expemnental observations reported by clinicians, commercial 
animal breeders and others provide a heterogeneous body of data much of which 
supplements the neurological findings summarited above 

1 In many ammai species there is a close behavioral relationship between 
sexual arousal and various other emotions Sexual responsee tend to appear 
in emotionally-charged but non-sexual situations, and a vanety of types of 
excitement may lead to active sexual behavior Conversely, susceptibfhty to 
normal sexual arousal is subject to inhibition by fear, anxiety, eto Findings 
of this nature indicate a functional relationship between the central nervous 
mechanisms for sexual activity and other neural umts revolved re non-sexual 
emotions 

2 A senes of inter-sexual differences between male and female mammals of 
several sub-primate species provides evidence which supports certain conclusions 
drawn from neurological investigations 

(a) The sexual arousal of the male tends to be inhibited re a strange environ 
ment, or in a familiar environment which has previously been associated with 
painful stimulation , but comparable inhibition occurs much less frequently in the 
female An environmental context in which heterosexual copulation has been 
expenenced exerts a faoilitative effect upon sexual reeponsivenesa in the male, 
but does not do so in the female Once arousal has occurred the male becomes 
relatively unresponsive to extraneous, non-eexual environmental stimuh , whereas 
the female is capable of oanynng out her sexual rflie and simultaneously attending 
to other aspects of the total situation 

(b) Among rodents, carnivores and ungulates the male begres to show incom 
plete copulatoiy responses long before puberty, while the female displayB none 
of the adult feminine sexual pattern until the first estrus 

These and other differences between sub-primate males and females are 
thought to be due in large measure to the fact that the male’s sexual behavior is 
mtimately influenced by the cerebral cortex, whUe the mating performance of the 
female is loss directly dependent upon the neo-paflium. 

3 Certain Inter-eexunl differences and similanties in the mating behavior of 
male and female primates throw some hght upon the nervous basis for repro- 
ductive life at higher levels of the mammalian scale 

(a) Male and female monkeys, apes, and h umans indulge in extensive and 
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frequent pre-puberal sex play, and m young chunpanzees and children such be- 
havior may proceed as far as heterosexual copulation with intromission and pelvic 
thrusts This phyletic mcrease m precocious sexual manifestations is regarded 
as a product of the higher development of the cerebral cortex and the increasing 
importance of this bram region to the matmg activity of both sexes 

(b) Eeproductively mature but sexually mexpenenced female chimpanzees 
which are placed with a breedmg male durmg the penod of fertility react to the 
consort’s copulatory advances m biologically effective fashion, and coition 
usually IS earned out without difficulty or delay In contrast, sexually mex- 
penenced adult males of this species seem unable to effect umon with the recep- 
tive female at the first opportunity, and a long penod of practice and learmng is 
necessary before the male is capable of normal copulatory adjustments This 
mter-sexual difference is taken to be a reflection of differential importance of 
higher nervous mechanisms in the coital activities of the two sexes 

4 Females of many pnmate and sub-pnmate species often mount other 
females that are m heat, executing pelvic thrusts and otherwise behavmg in 
maaculme fashion Such females display no morphological abnormalities of the 
reproductive system, and the capacity for mascuhne copulatory performance is 
regarded as an integral element m the feminme behavioral repertoire Males of 
several species respond to the sexual advances of other males with the display of 
feminme copulatory reactions Individuals which exhibit temporary mversion 
of the matmg r61e revert promptly to the coital pattern of their own sex when 
opportumty is offered The evidence is assumed to mdicate an underlymg 
bisexuality of the genetically-determmed neuro-muscular constitution m both 
sexesj although in all cases structural and functional factors impose definite 
hmits upon the completeness of bisexual matmg behavior 

5 Behavior involving auto-genital stimulation is common to male and female 
mammals In sub-pnmate species this activity consists chiefly of mampulatmg 
and licking the external gemtaha durmg pre- and inter-copulatorymtervals, but 
m the primates manual and oral masturbation occurs m a vanety of situations 
and may contmue to the point of orgasm In observations of this type it is 
possible to discern a biological or evolutionary basis for certam auto-erotic 
practices common to human beings 

C Hormonal Evidence There are several lines of evidence to prove that 
gonadal hormones exert specific and powerful effects upon sexual behavior m all 
mammahan forms 

1 In seasonally-breedmg species the occurrence of mtense and complete 
sexual performance coincides with periods of maximal secretory function m the 
testes and ovaries In year-round breeders the male is contmuously active 
sexually, while the female’s penods of receptivity occur when mature folhcles are 
present and the estrogen level is high The relationship between ovanan con- 
dition and sexual behavior is clear-cut m females of lower mammalian species, 
but the female monkey shows some wilhngness to receive the male at tunes when 
the ovaries do not contam npe folhcles, and even greater emancipation from 
hormonal control is seen m the mating activity of the female chimpanzee, who 
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exhibits penodicity of rcsponsii eness but may permit copulation at any stage of 
the ovanan cj’cle The highest degree of freedom from ovarian direction of sox 
desire obtains in the human female m whom non hormonal factors exert at least 
equally important effects These observations suggest a progressive, phylo- 
genetic decreaso m the importance of ovanan secretions to sexual dnve m female 
mammals, and it has been suggested that this change is directly related to the 
inoreasmg contribubon made by higher nervous mechanisms 

2 Removal of the ovaries promptly and permanently abolishes sexual behavior 
in females of sub-pnmate spedes, and administration of ovanan hormones 
restores normal mating responses Qonadectomiied chimpanrees conhnue to 
display some copulatory behavior after operation, although tho surviving sexual 
activity 18 leas frequent and intense than that exhibited by the mtact mdividual 
during the penod of ma ximal gcmtal swelhng Administration of estrogen to 
spayed apes occamons sexual swelhng and the restitution of full copulatory 
behavior Ovaneotomlied human females may experience a reduction m sexual 
desire and capacity for complete coital response, but in many cases no post 
operative change is noted, and m either event the effects of replacement therapy 
are not at all predictable Here again are mdicabons of an evolubonary decrease 
in tbe importance of gonadal hormones to feminine recepbnty, a change whiAi 
may be related to progressive increase m the control exerted by the cerebral 
cortex 

3 Gonadectomy in adult males of sub-pnmate species results m fairly rapid 
loss (rf tho more complete forms of copulatory behaxdor, althou^ m many mdi- 
viduals incomplete coital responsea persist indefinitely In all cases adminis- 
trabon of androgen restores normal sexual behavior Copulation with intro- 
mission survives indefinitely m some castrated male chimpaniees, but androgen 
must be administered if the ejaculatory reaction is to appear Among castrated 
humans mdividual differences are pronounced, but for years after operation many 
men suffer httle roduobon in sexual abihty In the male as in the female it 
appears that advancing phylebo status may be associated with progressive 
reduobon in the importance of gonadal hormones to full sexual performance, 
and this change is regarded ns a function of morease in the reliance of sexual 
functiona upon higher brain centers, parbcularly the eerebral cortex 

D Condudmg Commtnli In the course of mammalian evolubon several 
changes in the physiological basis for sexual behavior appear to have taken place 
Increase m the sue and complexity of the nco-cortex has been accompanied by 
progressive encephaliiation of sensory motor functions inoludmg many of those 
involved in courtship and mating Concomitantly tho subcerebral mechanisms 
which ongmally were capable of mediating sexual responses have come to bo more 
and more dependent upon facilitative impulses from functionally associated 
cncuits lymg higher in the nervous system, Progresaivo oncophaliiatlon of 
V anouB sexual acbvubcs has resulted m mcreasmg vanabihty and modifiabihty, 
both of tho types of stimuli adequate to elicit sexual actmty and of tho overt 
forms of behavior by which sexual excitement may be expressed Finally, 
development of increasmg dependence upon facihtation from the neo-palhum has 
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m some measure freed the more primitive sexual mechanisms from strict control 
by gonadal hormones 
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RECENT ADVANCES IN THE STUDY OF BIOLOGICAL COMPETITION 
BETWEEN STRUCTURALLY RELATED COMPOUNDS 

D W WOOLLEY 

The Rockefeller Insitluie, New York Ctty 

During the past few years compounds which are structurally similar to, 
but biologically antagonistic to metabohcaUy important substances, have been 
synthesized m the laboratoiy or found to exist m nature These agents which 
act m competition with vitamin s, hormones, or other metabohtes exhibit their 
effects by the production of signs of deficiency of the metabohte to which they 
bear structural resemblance This situation has excited extensive study not 
only because of the hght such a subtle relationship may throw on the mechanism 
of biochemical reactions, but also because some mvestigators have seen m it 
the possibihty of usmg the findings as tools m pharmacology, biochemistiy, 
or nucrobiology Therefore, a review of existmg knowledge of the phenomenon 
of competition between structurally related compounds may be advisable at 
this time 

Several excellent reviews dealmg with this subject have appeared (17, 18, 
3, 115, 169, 160) and these have recounted m some detail most of the expen- 
mental findmgs up to the summer of 1946 Therefore, no attempt wiU be made 
to reiterate that which has been said several times before However, new infor- 
mation has come to hght m the mtervenmg tune, and furthermore, sufScient 
dehneation and mtegration have occurred to warrant further discussion 

Let us examme a typical case of the competition between a metabohte and 
its structural analog so that we may have a pomt of reference m attemptmg 
an understandmg of the problems The metabohte thiamme and its structural 
analog pynthiamme provide an example m which many of the features common 
to the phenomenon may be clearly seen The formulae of this pair of compoimds 
are shown m figure 1 The two differ m that the thiazole ring the vitamm 
IS replaced by a pyndme rmg m the pynthiamme, that is, a S atom is exchanged 
for — CH CH — Pynthiamme was first prepared by Tracy and Elderfield 
(161) m the anticipation that it would have thiamine potency, but m testmg 
for such activity Robbins (121) foimd that for two species of thiamme-requmng 
fungi it was harmful rather than beneficial Woolley and White (116), who 
were mterested m the phenomenon of competition between structurally related 
compounds, then fed pynthiamme to mice, and observed that signs character- 
istic of thiaminR deficiency were produced The deficiency syndrome appeared 
with greater speed and more pronounced mtensity, and sharper defimtion of 
the tjrpical manifestations of avitammosis Bi than had ever been achieved m 
imce by mere restnction of thiamme mtake Hypenmtabihty, unsteady 
gait, head retraction, convulsions (mitiated by twirlmg the animal while it was 
held suspended by the tail head downward), prostration, loss of weight and death 
have been seen frequently m vanous animals receivmg no thiamme m the diet, 
but usually only a few of these signs may be observed m any one species, and 
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with mice, usually only the latter two are noted. However, the entire sequence 
followed the administration of pyrlthlamme The basal diet fed to these animals 
contained adequate thiamine to mamtain health in the absence of the drug, 
and when a further quantity of the vltanun was added, the action of the drug 
was prevented Furthermore, administration of thiamme cured mice which 
had been affected by pyrlthlamme 

Now, the toxicity of pynthiamine (i/s , its abflity to call forth signs of thiamme 
defimenoy) depended on the ratio of p}inthinmme to thiamme m the diet, and 
not on the absolute amount of the drug The effects of 100 lethal doses were 
completely prevented by mcreasing the thiamine content of the diet 100-fold 



Pypithlamine Thiamine 

Fig 1 Otmctursl formulae of thiamine and pyrlthlamlne 


TABLE 1 


fZetponM of mfoa to panout dotoo of thuuntno and pyrUhtamino 
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2 000 
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In other words, pyrlthiamine and thiamme competed with each other over a wide 
range of concentration for the functions of the latter in the mouse, and were 
thus antagonistic structural analogs Data to illustrate this pomt are shown 
m table 1 

The biological effects of pj-nthiamme were not limited to the action on mice, 
for the drug proved to be capable of mhibitbg the growth of a variety of yeasts, 
molds, and bacteria (117) In preventing the growth of such forms the same type 
of competition with thiamme was found as had been observed with mice Since 
the microbiofltasis could bo prevented by mcreasing the thiamine content of 
the media, the action of the agent could be said to reside m its abihtj to cause 
thiamine deficiency of the organisms In much of the work on the competition 
between structurally related compounds, bacteria and other microorganisms 
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have been used as test objects to demonstrate the antagonism This has been 
due partly to the fact that such fonns make possible more rapid, and usually 
more quantitative assays than those with laboratoiy ammals Screemng of 
many substances for a given activity is thus facditated 

Not all microorganisms were inhibited m growth by pynthiamme Only 
those species which needed thiamine (or its constituent pyiinudme and thiazole 
parts) as essential growth stimulants were susceptible to its action The drug 
was thus a highly selective inhibitor of microbial growth smce it distmguished 
between those organisms which required the vitamm and those which did not 

Competitive relationships between metabohtes (vitamins, hormones, and other 
biologically active compounds) have been observed for many years Perhaps 
the most outstandmg observation was that of Woods (20) m 1940 He showed 
that the bactenostatic action of sulfanilamide was reversed by the structurally 
related p-ammobenzoic acid The relationship between the drug and the 
metabohte was competitive over a wide range of concentration, so that, just 
as we have seen above, the activity of the sulfamlamide depended more on the 
ratio of it and p-ammobenzoic acid than on the absolute amount present At 
the tune of Woods’ work, p-ammobenzoio acid was not known to be a metabo- 
hte, but he showed that the natural inhibitor of sulfonamide action (which was 
present m yeast) had properties similar to those of this substance Shortly 
after his postulation of the rfile of this compound m metabolism abundant proof 
was forthcoming from vaned sources (162, 163) to substantiate his claim Not 
only was p-ammobenzoic acid found m many hvmg cells, but it was shown to 
be an essential nutnent for some imcroorgamsms, and finally to be an integral 
part of the vitamm pteroyl glutamic acid (fohc acid) (164) 

As a result of his observations. Woods proposed the idea that sulfanilamide 
and its denvatives owed their bactenostatic action to the competition which 
existed between them and the metabohte p-ammobenzoic acid The bacteria 
were thus effectively depnved of the latter, and m such condition were unable 
to thnve withm the host 

The discoverj’" of the relatiopship between the sulfonamide drugs and p-ammo- 
benzoic acid was not the first example to be observed of competition between 
structurally similar compounds, but it was one of the most important because 
it offered an explanation for the mode of action of a set of new and dramatic 
therapeutic agents The practical importance of the drugs was suflicient to 
stimulate mterest m the further mvestigation of a phenomenon (i e , that of 
competition) which previously had been noted mcidentally and somewhat 
casually (3, 115) 

Tn lookmg back over the hterature one frequently finds experimental obser- 
vations which were b afflin g to their discoverers, and uncongemal to the modes 
of biochemical thought at the time, but which now seem understandable, or 
at least reconcilable m terms of the present knowledge of antagonism between 
structurally similar compounds One mterestmg example of this is the claim 
of Kuhn (42) that the sex hormone of certam algae was not a single compound, 
but rather a manifestation of a ratio between two structurally alhed carotenoids, 
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as and (rona-dimethyl orocetm Sex TOa detennined by the ratio between these 
analogs Specific biological effects had been attributed so universally to am^e 
and distinct chemical substances that even In 1940 ■when tiieso results 'with algae 
■were suminanied they sounded somewhat heretical Some iu'vestigators ha've 
come to feel now, however, m view of the demonstrable competition between 
androgen and estrogen m higher animals, and the undoubted structural simi 
lanty and coexistence of these hormones m nature, that sex even in higher 
nnimRlB may in part be an expression of competition between related strucbircs 
(116) 

Smee 1940, antagonistic analogs have been sougjit ■with such industry that 
there is at least one for each of the water-soluble ■vitamins, and for two of the 
four fat-soluble ones, and for cortam hormones, ammo acids, porphyrms, and 
punnes Usually for each of these metabohtes there is not one but several 
types of inhibitor, differing qualitatively in their biological effects. Because 
moot of these oases ha^ve been renewed adequately elsewhere (17, 18, 3, 116, 
169, 100) nothing ■will be gamed by reiterabon Nevertheless, for purposes 
of reference and of orientation Table 2 has been compiled to show which metabo- 
lites have been converted mto antagonisbc compounds by alterabon of their 
structures, and the types of change which have been found effechve The table 
mcludes information published since the last review of the subject as ■well as 
the older exampka 

Qtneral Cormdsrahons (a) Conctmxng rcemal The surest indication that 
the antagonistlo effects produced by a structural analog are due to the com 
petition of that analog ■with its related metabohte is the ability of the latter 
to reverse the action of the agent The evidence is strongest ■when over a con 
siderable range of concentrabons a constant ratio exists between the amounts 
of the two related compounds which just counterbalance each other This ratio 
■which IS known as the inhibibon mdex (117) is a constant for many of the cases 
listed m table 2 It is so, for example, with the sulfonamide drugs and p-amino- 
bensoioaoid, and with pynthianune and thiamine However, it doesnot hold um 
■veraally The mtuataon with 3 ,8'-methylenebis-(4-hydroiy-ooumnnn) and mta- 
nunKwill serve to iHustmte this point Withthispairof compoundsitlspossiblo 
to demonstrate (142, 165) that the pharmacologioal acbon of the former m 
brmgmg about the signs of vitamm K deficiency Is reversed by sufficient amounts 
of the latter, but this is only true over a restneted range of concentration of the 
drug As the quanbty of the drug is increased, a point is soon reached beyond 
which it is not possible to achieve such reversal Furthermore, there is no evi 
dence to show that the inhibition index (117) is a constant e^ven over the limited 
range where reversal can be demonstrated 

An addibonal obscunty m this case is the fact that very largo amoimts of 
■vitamm K are required to antagonize the acbon of the drug About 25 mgm 
of the vitamm must bo used to erase the effects of 10 mgm of the drug m a rat 
This means that the inhibihon index is less than 1 For most inhibitor-metabo- 
hte pairs the mdex is much greater than 1 

Another example of this atypical behavior is to be found ■with 2,3-dichloro- 
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TABLE Concluded 
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naphthoquinone and the structurally similar vitamm K Here, too, competition 
can be demonstrated over only a narrow range of concentration and with only 
certam species (151) A plausible explanation of this case was given by the 
findmg that the vitamm itself was harmful m large doses (151) However, 
there are examples of the failure to demonstrate typical competition where this 
explanation of toxicity of the metabohte cannot be apphed 

Why, then, are such cases mcluded m a discussion of competition between 
structurally related compounds? In the first place, several of these questionable 
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analogs call forth in animals many of the signs charaotenstioally associated 
with a deficiency of the metabohte to which the drug la structurally related 
Foreinmple,3,3' mothylenehiB-(4rhydroxy-coumann) brings about subcutaneous 
hemorrhages, and prolonged blood olottmg tune attributable to decrease m 
the plasma prothrombm These ate typical manifestations of avitammosia K, 
Agam, a tocopherol qumone causes pregnant mice to fail to produce young m 
a maimer fnimlar to that seen m tocopherol deficiency (127) Hence, despite 
the failure to reverse these effects with the vitamin there is some reason to relate 
the action of the drug to on mterterence with the biological action of the metabo- 
hte However, in the cases of mere inhibition of microbial growth by an analog 
of a metabohte, the response OjO , mhibltian of growth) is too nonspecific to 
link the action of the drug with that of the metabohte unless reversal of the 
effect of the former by the latter can be demonstrated 
In the second place, the abihty to demonstrate competitive roveisal frequently 
depends on the selection of the proper species or biological system Take 
for example the classical case of the sulfonamide drugs and p-amlnobensoio 
aoid Althoufdi the competition of these substances m producmg bactenostaais 
has been demonstrated abundantly with a wide variety of species, Tamura (160) 
has shown that no reversal of sulfonamide notion occurred with B tularensu 
Again, WooUej and CoUyer found (94) that phenyl pantothenone prevented the 
growth of all imcrobial species examined, but that reversal of this effect could 
be achieved with the related metabohte pantothemo aad only m those forms 
which were stimulated to grow by the vitamm With the non pantothenic acid 
requinng rmoroorganiaras the vitamin was unable to reverse the inhibition of 
growth If only organisms not requinng the vitamm had been exammed, 
what would have been concluded about the action of the drug? 

In view of these aspects, it seems that while reversal of the action of a structural 
analog by mcreased amounts of the metabohte is the aoid test, it is not an enfarely 
sufficient one In deciding which cases shall be accepted to membership m 
the phenomenon of competitive inhibition, and which shall be excluded, no single 
cntenon will suffice Just as with the definition of ensyme action (116), here, 
too, one must content himself with descnptions of features common to mtmy 
individual cases but not necessanlj shared by all Nature is not a series of 
discrete quanta of phenomena, but rather a continuous gradation of them 
(b) Dependence of antagometic actum on nnlnlumcd reginremenL Frequently 
an analog is found to bo antagonistic to a metabohte only if the latter is a nu 
tntional requirement of the organism with which the test is being conducted 
For spedea which do not need the metabohte m their food, and can synthesize 
it themselves, the analog has no detectable effect Thus thiopanic acid affects 
onlj certam bacteria which wiH not grow without pantothenic acid, and pyn 
thiomme retards the growth of microorganisms only if they demand an exogenous 
supply of thinmme or its constituent thlaxolo and pyrunidmo ports (117) 
Many exceptions to this generalization are known For example, the sulfoo 
amide drugs, phenyl pantothenone and its derivatives, benzimidazole and its 
denmtii-es, and 2,3-dichloronnphthoqumone act against organisms irrespective 
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of tteir nutritional requirements for the related metabolites Some antagonists, 
such as phenyl pantothenone or glucoascorbic acid (13, 14), exhibit properties 
midway between these extremes, for although they affect organisms without 
regard to nutntional requirements, their action is reversed by the related metabo- 
hte only when the particular organism needs the latter as a growth factor The 
case of phenyl pantothenone was mentioned m this respect m section (a) above 
That of glucoascorbic acid will illustrate a similar phenomenon m the animal 
kmgdom This substance produced a disease resembhng scurvy in both mice 
and guinea pigs, but the condition was prevented by ascorbic acid only m the 
latter, or ascorbic acid-requumg, species, and not m the former, or vitamin 
C-synthesizmg animals 

The explanation of the dependence of effect on nutritional requirement may 
be different for the several inhibitor-metabohte pairs for which it has been 
observed, but at least m the case of p 3 aithiamine the mechanism has been eluci- 
dated (118) Those forms which do not require thiamine, and which are able 
to thrive m the presence of the drug, possessed a system, presumably enzymic, 
which spht the drug mto its pynmidme and pyndme parts m the same fashion 
as thiamme may be cleaved at an analogous pomt mto its p 3 Trunidme and thiazole 
halves Organisms which could not synthesize thiamine did not possess this 
abihty to destroy the agent, at least not m appreciable amount, and hence were 
subject to attack > 

Another msight mto the relationship between nutntional requirement and 
effectiveness of an agent may be had m the case of organisms which need fohc 
acid Most such species are rather resistant to the bactenostasis exerted by 
sulfonamides Now, p-ammobenzoic acid is a part of fohc acid, and presumably 
IS used to form the vitamm If the sulfonamides compete with p-ammobenzoic 
acid m this synthesis, organisms which cannot perform the reaction anyway, 
and must depend on the medium for their fohc acid, would be expected to be 
less affected by sulfonamides Although such a correlation between fohc acid 
requirement and sulfonamide resistance actually does exist (167), it is probably 
only one aspect of susceptibihty to these drugs. 

(c) Spectrum of antagonistic action of analogs Gradations of activity rangmg 
from full vitamm potency to strong antagomsm may be observed if several 
compounds and organisms are exammed This fact must be borne m nund 
m the formation of any hypothesis for the mode of operation of antagomstio 
structural analogs As one exammes the data available at present he can see 
three aspects of this situation First, a smgle inhibitory structural analog 
may either be antagonistic or have weak metabohte activity when tested on 
the same organism Which one of the two opposmg effects is manifested is 
determmed by the concentration of the agent For example, PoUack (88) 
found that a-methyl pantothemc acid would inhibit growth of L casei, but that 
as the concentration was raised a stimulation of growth similar to that caused 
by panthothemc acid was produced Shive and Snell (90) confirmed this findmg, 
and observed similar situations with certam other inhibitory structural analogs 
of panthothemc acid The shght vitamm potency of the analogs, weak as it 
was, was sufiScient to prevent the achievement of complete bactenostasis because 
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at the hi;^ levels ot agent which would have been necessary to bring this about, 
the pantothenic acid activity of the compound made itself felt. Kuhn ei al (22) 
shnilarly found both mhibitory and atimulntory actions of p-anunobeniainide 
on bactena. Likewise, Woolley (128) observed that the p-nitroboniyl ether 
of N acetyl duodotyrosme not only waa an antagonist of thyroxine as measured 
on tadpoles, but also m the absence of the latter compound, it was weakly 
active as the hormone Just as m the previous example, this metabohto activity 
of the analog at high concentrations limited the realisation of total antagonism 
of the hormone 

Secondly, m a homologous senes ot compounds, some may show positive 
metabohte activity and others may be antagonistic A good illustration of 
this IS found with denvataves of thiamine which differ m the nature of the alkyl 
side chain at position 2 m the pynmidine rmg The vitamm has a methyl 
group at this point, and, ot course, has full metabohte potency The ethyl has 
less, but still Bomo vitanun activity However, the butyl compound competes 
with thiamine for functions of the latter in rata (123) In this ex ample, the shift 
from metabolite to anti^netabohte activity is more striking than m the usual 
cases because with changmg structure there is a gradual progressiou from full 
to partial activity, and then to antagonistic potency 

Thirdly, a sm^ analog may be active in some species as the metabohte, 
and in others it may be antagonistic For example, desthiobiotm is able to re- 
place biotm m promotmg growth ot Saceharomyeet ceremxat, but acts in com- 
petition with the vitanun m the growth of LadobaeiUut eattt (84, 38, 30) Why 
this should be so has been explomed by Dittmer and du Vigneaud (35) who 
showed that the yeast converted desthiobiotin to biotm by the insertion of a 
S atom, while the lactobacillus could not do this If the former organism had 
been unable to effect the conversion it mi^t have succumbed to the antagonistic 
effects of the analog just os did the baotenum. In similar vein, Woolley (118) 
has shown that when Endomyces eemoJi* was made resistant to pynthiamme 
by contmued culture m the presence of the drug, it acquired the power to use 
pynthiamme m place of thiamine at the same time that it became insusceptible 
to the inhibitory action of the analog As was discussed above, resistance 
was acquired by development of the abOit} to spht pynthiamme mto its pymni- 
dme and pyrldme halves Smee the pyrimidme was the same ns that in thiamine, 
and since for Endomycta this fragment possessed full vitanun activity, the organ- 
ism used it as a growth factor Similarly, although desoxypyridoxm waa a 
powerful cranpetitor to pyndoxm m the chick (103) it possessed no activity for 
the rat', and for lacbc acid bacteria it had weak vitamm potency (168) 

The mere ability of some organisma to convert an antagonistic analog mto 
the metabohte ns in the examples given above, is not the sole explanation of 
the vaned snsceptibihty of species For example, when the S atom of biotin 
was replaced by on 0, the resulting analog, oxybiotin, was found to have vitamm 
activity equal to that of biotm for some organisms (100), sli^t potency for 
others (170), and none nt all for still others (171) Indeed it waa actually 

' Hccently mcoq aatipyridoxia activity of this compound in rata haa been demonstrated. 
(Porter, a C , L Clark and II. H. SUber J Biol Chem. lS7l 573, IMT) 


318 


D Vr 'WOOIiLBT 


toxic for certain forms although this toxicity was not demonstrated to be due 
to competition with biotm However, no conversion of oxybiotm to biotm 
could be shown m those microorganisms which used it m place of the naturally 
occurring vitamin (172) Again, the ethyl analog of pyndoxin (2-ethyl-3- 
hydroxy-4,5 dunethylol-pyndme) was found to replace the vitamin for tomato 
roots (173) but to be an anti-pyndoxm m certain fungi (174) It is vmEely 
that the tomato roots utihzed the compound by exchangmg the ethyl for a 
methyl group 

Fmally, the ultunate example is provided by the work of Emerson (175) 
who showed that by long contmued cultivation of a Neurospora m the presence 
of sulfanilamide, a stram was secured for which sulfanilamide was a nutrrtavE 
essential, and p-ammobenzoic acid was an inhibitor of growth In the parent 
stram the reverse situation obtamed smce the sulfonamide was the tone com 
pound 

(d) Hypotheses concerning mechanism Of the vanous hy^iotheses proposed 
to explam why structurally similar compounds should compete with each other 
m biological i^stems, the one which fits the observed facts best and which has 
been most stimulatmg to further discovery is the one which pictures metabolite 
and inhibitory analog contendmg for the specific part of a protem, possibly an 
enzyme, with which the metabohte normally reacts Some facts observed 
experimentally require modifymg assumptions m order to conform to fins vkw 
One such fact is that subinhibitoiy concentrations of antagonists such as sulfanil 
amide or pynthiamme (117, 115) frequently cause stimulation rather than 
inhibition so that it is necessary to assume compensatory mechanisms at work 
m the ceD m order to reconcile the observation with the hypothesis However, 
when one views the large body of evidence which is best explamed by this view 
of mechanism, and recalls how productive it has been of new findmgs, he is 
persuaded that until a better workmg hypothesis comes along he will hold this 
one as true This is especially so when one remembers that rival explanations 
such as the one that metabohte inhibitors exert a narcotic effect (176) have been 
rather sterile Let us then examme the favored hyqiothesis 

Accordmg to this view, a metabohte functions by first combimng with a par- 
ticular cellular umt which is usually regarded as an enzyme or posably some o er 
specific protem The umon of a substrate with its enzyme would be an 
reaction, and mdeed, the metabohte m this r61e should be regarded as a 
The combmation then proceeds to pass through a second metabohe o 
or a cham of reactions with a new compound (or substrate) which is 
and the metabohte is either regenerated or changed mto another su 
The cycle of alterations imdergone by cozymase m transporting hydro^n 
be an example of such a process Now, m order for the first step 
the metabohte must possess certam structural features, and the firmness o 
nation with the protem is detemuned m part by these A similarly co ^ 
compound is able to undergo this combination, but smce its 
identical with that of the metabohte, its firmness of union will be 
The conjijgate of analog and protem is, however, a new and foreign co p 
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and is unable to proceed throu^ the rest of the oyolo of reactions like the 
fabled dog m the mnng er the analog denies the organism the use of the metabohte 
and thus creates a deficienoy of the latter 

The umon of metabohte and protein or of analog and protem a a reversible 
one usually, so that relativo concentrations and relative oombnung power of 
metabohte and analog determine which one shall enjoy the protein. Smee 
the metabolite usually has the greater combining power, leas of it than of analog 
win aaturste the protein Therefore, as was pointed out before, the inhibition 
index is generally greater than 1 Aa the concentration of analog is moreased 
in the presence of a constant amount of metabolite, a point is reached at which 
the protem unites with the former rather than with the latter substance, and 
inhibition of the metaboho function results If the amount of metabohte is 
then raised, the analog is dislodged and normal funebem is resumed If an 
analog should bo so constituted that It would coanbme irreversibly with the pro- 
tein, an inhibitor would result which would call forth signs of deficiency m the 
organism but these manifestations could not bo reversed by mcreased doses 
of the metabohte 

What arc the concrete pieces of evidence for this hypothesis? The major ones 
are tho foUowmg In the first place, it is fairly well established by numerous 
studies m ensymology that substrate and ensyme actually do combme reversibly 
as the first stage m the reaction. Here then is one typo of system m wluch 
the first reaction m our hypothesia does occur Inde^, suii combinations 
are known which involve claadcal metabolites, e g , the attachment of thiamme 
pyrophosphate to carboxylase Furthermore, the competition rf structurally 
similar substrates for a smgle ensyme has been known for decades, and can be 
seen to good advantage in tho contendmg of suednate and mnlonate for sucemio 
dehydrogenase (111) Finally, in non-ensymio reactions between specifio 
proteins and metaboUtes, sohd proof exists that tho metabohte can be displaced 
from tho ccanbination by structurally analogous compounds The best known 
case IS that of the displacement of oxygen in oxyhemoglobm by carbon monoxide 
If there are 210 molecules of oxygen for each one of carbon monoxide, the latter 
is excluded from half tho protem and an equal mixture of oxyhemoglobin and 
carbon monoxyhemoglobm exists As the relative concentration of carbon 
monoxido is mcreased, oxygen is pushed from its combmation and carbon mon 
oxido takes its place As tho relativo concentration of oxygen mcreases, tho 
reverse process occurs Agam, biotm combines m molecular proportions with 
a specific protem, antibiotm or avidm (117 178) When biotm siilfono is 
admitted to this system contaimng the combmation, biotm is displaced and ap- 
pears free in the sohition (35) Biotm sulfonc not onlj competes wiUi biotin 
in this arniplo system but also functions antagonistically with it m tho growth 
of Sacchanmyca c er cv ist ac Another example is the apjxsarance of acetyl 
cholmo in solution when sufficient phj'sostigmino is added to a preparation 
contaimng oholmcstorasc and tho hormone (179) Thus them Is a conmdcrable 
body of evidence to show that metabohtes con bo displaced from combmabon 
with specifio proteins bj adequate amounts of cortam structural analogs 
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Whether they all can be, or whether m fact they all act by combination with 
proteins or other cell structures, cannot be said at present 

Although many authors have made the tacit assumption that analogs compete 
with metabohtes actmg as co-enzymes, there is no direct evidence that they do 
In fact, most available data show that the competition is expressed when the 
metabohte acts as a substrate add not as a co-enzyme In behaving as a sub- 
strate, the metabolite is either degraded or is synthesized mto a more complex 
molecule This latter compound may then proceed to function as a co-enzyme 
For example, p 3 Tit hiamiii e does not compete with thiamme psurophosphate m 
the rdle of co-carboxylase Rather it is probable that the competition between 
t hi a min e and pynthiamme occurs m the ^thesis of the co-enzyme from the 
vitamm 

Intensive study of the mode of action of several inhibitory structural analogs 
has mdicatedthat it is usually a synthetic or anabohc reaction rather than a de- 
gradative or catabohc one which is affected However, sufficient numbers of 
cases have not been examined mtensively enough to allow one to conclude that 
this IS a general situation Indeed, the competition between succinate and 
malonate, or that between thiomme and o-ammobenzyl methyl thiazohum chlo- 
ride (124) are examples of the participation of inhibitory analogs m degradative 
reactions Nevertheless, some insight has been gamed mto synthetical processes 
by studies of antagonism, and therefore this aspect of the mechamsm of action 
deserves our attention 

Pantoyl taurme or thiopamc acid is a bactenostatic analog of pantothemc 
acid Mcllwam (82) has shown that this agent competes with the vitamm 
m restmg streptococci m an enzymic process concerned with the conjugation 
of pantothemc acid mto a larger molecule m the cells Although the nature 
of this conjugate is unknown, good evidence exists for its occurrence m bacteria 
as well as m ammala (180) Therefore, pantoyl taurme competes with panto- 
themc acid as a substrate used m the synthesis of a larger, and presumably 
metabohcally important, substance 

Agam, Lampen and Jones (167) have produced strong evidence that the sulfon- 
amide drugs compete with p-anunobenzoic acid as substrate for the synthesis 
of pteroyl glutamic acid, a metabohcally important conjugate of p-ammobenzoic 
acid As was discussed m a previous section, these mvestigators found that those 
bactena which require pteroyl glutamic acid as a nutntive essential, and hence 
cannot synthesize it, are not susceptible to bactenostasis by concentrations 
of sulfonamides which affect other bactena Presumably, if the organism does 
not possess a means of synthesizmg PGA, it cannot be harmed by an agent which 
acts to inhibit this synthesis Furthermore, PGA antagonises the bactenostatic 
action of sulfonamides on certam susceptible species In other words, when 
the synthesis of PGA is inhibited, the harm to the organism can be circumvented 
by supplymg m the medium the product of the reaction, viz , PGA They 
showed as further evidence that while the antagonism between p-ammobenzoic 
acid and the sulfonamide is of a competitive nature over a wide range of con- 
centration, the same amount of PGA is required to reverse a large dose of the 
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eulfonaimde as la needed for a small one, i e , that the antagonism Is not com- 
petitive (See Table 3 ) Prior to the discovery of p-ammobenioic acid as a 
part of PGA, Miller (181) had shown that when bacteria were grown m the 
presence of sulfonamides, the amount of PGA which they formed was markedly 
reduced In the light of all this evidence, the most plausible eiplanation 
for the baotenostasis caused by sulfonamides is that they compete with p-amino- 
benxoic acid for the synthcsia of ptcroyl ghitamic acid (foho acid) Since some 
animals need the latter, they are like the PGA requiimg bacteria in that they 
do not possess the metabohc process with which the sulfonamides mterfere 
This hypothesis about mechanism, which may be called the displacement 
hypothesis, has ita roots extended far back into biochemistiy and pharmacology 
In vanous forms it has been reiterated smce the days of Khiiich The com- 
petition of structurally snnllar substrates for specific ensymes reaches back 
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throu^ the work of Quastel and Wooldridge with sucenue dehydrogenase 
m 1927, at least to 1010 when the inhibition of amylase by vanous carbohydrates 
was studied by Wohl and Ghmm (182) Many of the current ideas espeoaHy 
as they apply to pharmacology were clearly stated by Clarite m 1037 (183) 
Woods (20) and Hides (184), and the contemporary reviewers and mvestigators 
have discussed and added to it It is a concept which has grown with the acqui- 
sition of biochemical knowledge 

(e) Competition between etructuroRy dtmmilar eompmmdt The action of 
certam agents is antagoniied not only by the metabolites to which they bear 
analogy, but also by structurally unrelated substances. If the subject of mere 
antagonism of biochermcal reactions was to bo discussed fully it would take ns 
far afield from the purpose of this review which is to describe the antagnmsm 
between structurally similar materials. As others have pomted out (183, 17) 
two compounds may be antagonistic because they react with each other to form 
precipitates or biologically inert substances, or because one injures the hvmg 
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cell in such a way that the other is able to replace the lost function Now 
surely the antagonism between the sulfonamides and pteroyl glutamic acid which 
was discussed above is of this latter variety, and yet it impmges so directly 
on the phenomenon of competitive antagonism between structural analogs 
that it must be touched upon here By the same token we must consider a 
few more examples but leave to others the treatment of such agents as thiouracil 
which antagomzes thyroxme by inhibitmg its formation Once agam the prob- 
lem of where to set the limits of a biological phenomenon is plagued by the con- 
tmuity and mterrelationships of nature 

Not only can the growth-mhibitmg properties of sulfanilamide be overcome 
with p-ammobenzoic acid, but they may also be counteracted with methiomne 
or with ademne (60, 185, 186, 205) However, while the action of mcreasmg 
concentrations of the sulfonamide is negated by proportional mcreases of 
p-ammobenzoic acid so that the inhibition index remains constant, this is not 
true of antagonism between sulfanilamide and either methiomne or ademne 
With these latter substances as the concentration of drug is mcreased a pomt 
IS soon reached beyond which no amount of material wiU effect reversal 
Furthermore, the concentration of ademne or methiomne needed to counteract 
a given quantity of sulfanilamide is far greater than that of p-ammobenzoic 
acid Consideration of these facts led Hams and Kohn (60) to postulate that 
methiomne or ademne might be products of a metabohc reaction for which 
p-ammobenzoic acid was required This same idea was adopted by Shive and 
Roberts (186) who elaborated it with a mathematical treatment Para-amino- 
benzoic acid was pictured as participatmg m several biochenucal transfor- 
mations, the product of one bemg ademne and of another methiomne Some 
supportmg evidence for this postulate was cited, but hjiiothesis is still ahead 
of proof 

Other cases of antagonism between structurally dissimilar compounds are 
known Thus the microbiostatic effects of phenyl pantothpnone are prevented 
by glutamic acid, prohne, or histidme as well as by the structurally related 
pantothemc acid (95), and the pharmacological manifestations of 3-acetyl- 
P5Tndme m mice are reversed by tryptophane as well as by the analogous mco- 
timc acid (187) The general features of the antagonism between the unrelated 
compounds m these cases are s imila r to those discussed for the sulfonamides 
and methionme and ademne Curiously enough, the heterologous reversmg 
agents m most instances are ammo acids (3) 

For many mhibitoiy structural analogs there are species m which the related 
metabohte wiU not compete with the agent (see section (a) above) However, 
in such organisms the structurally dissimilar reversmg agent frequently will 
counteract the manifestations For example, although pantothemc acid was 
unable to reverse the inhibition of growth of Saccharomyces ceretnseae produced 
by phenyl pantothenone, glutamic acid, prohne, or histidme would do it Agam, 
while p-ammobenzoic acid was unable to counteract p-ammomethylbenzene 
sulfonamide (marfaml), methiomne was capable of reversmg it From these 
and similar examples it would seem that the heterologous naturally occurrmg 
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reveremg agentB (metabolites) may be more univereoUy effective than the annlo- 
gons ones. 

CompeMton between StructuraUy Analogout Drugt It is not necessary that 
one of a pair of antagonistic structural analogs be a metabobte m order that 
biological competition may be manifested Two substances entirely foreign 
to an organism may be shown to contend withm it m order to exert a pharmaco- 
logical action Thus, some of the eSTocta of morphme m dogs and mice were 
counteracted by the structurally related aHyl normorphme (188) It is relatively 
certain that neither of these substances occurred m these animals In view 
of this situation, the competition m yeast between 2,3-dichloronaphthoqumone 
and vi tamin K may be regarded as the contention of two foreign substances, 
since vitamm K has not been detected m this organism (161) However, on 
the other hand, if vitamin K were an important substance to the yeast cell and 
yet occurred as only a few molecules per cell, its presence could not be detected 
by present methods Whether or not structurally similar drugs compete with 
each other, because they both are analogs of some normal metabobte cannot 
be decided from existmg knowledge 

AppUcatume to Pharmacology Because the phenomenoji of competition 
between analogous compounds offered a plausible explanation of the mode 
of action of the sulfonamide drugs, the expectation arose that new agent* for 
oombattmg infectious diseascsmigjit be formed by suitably altermg the structures 
of other metabobtes (184, 189, 100) Since mitial attempts to do this met 
with scant success, several student* of chemotherapy of infectious diseases 
were led to doubt the feaabOity of such an approach Nevertheless progress 
IS bemg made so that there Is still reason to cherish the ongmal ideas For 
example, 2,3-dichloronaphthoqumone, a useful agent m the chemotherapy 
of fungal mfestationa of plant materials (160), was developed empirically, 
and then shown to compete with vitamm K (161) The aequence of events 
in this ease paralleled those with sulfanilamide and p-armnobenxoic acid In 
' -nilnr fashion, Kiikwood and Philhpa (64) have mdicated that the insecticide 
hexachlorocyclohexane owes part of its pharmacological action to the fact 
that it is an analog of mositol, because the vitamm will reverse the yeast-growth 
inhibitmg powers of the drug Hero again the usefulness of the agent was 
established before its relationship to a metabobte was pomted out. 

Let us now see whether the converse is true, namely, that active drugs can 
be produced by mtcntionally modifymg some metabobte McHwain and 
Hawkmg (73) demonstrated that pantoyl taurmc, or thiopame acid, an mbibitory 
analog of pantotheme acid, could protect rats from a fatal infection by atrepto- 
cocei, but this agent was too weaUy active to make it of any value as a practical 
drug, and the same proved to be true of several denvativcs of it Finally, how- 
ever, White d ol (03, 17) found that the dibromoanihde of thiopanic acid was 
a rather potent chemotherapeutic agent m animals Furthermore, phenyl 
pantothenonc, another typo of pantotheme acid tmalog, has proven to be as 
effective as qumme in the treatment of blood mduced malaria of birds, rmd 
hkowiso to be of value m similarly initiated Infestations of man (3, 06) Trial 



324 


D W "WOOLIiET 


of phenyl pantothenone m malana was prompted by Trager’s observation (190) 
that pantothemc acid mcreased the survival time of the paraates %n vitro, and 
hence was probably of importance m then* economy These advances 
therefore may serve as straws m the wmd to pomt the direction of future studies 
Empineism will undoubtedly lead to many discovenes m this field, just as it has 
always done, but a rational approach is commandmg some attention 

In pursumg this rational approach, one guidepost must be the selectivity of 
action of the agents If an inhibitor is very effective m causmg signs of deficiency 
of the host, its usefulness m combattmg a parasite null be small even though it 
may be qmte potent as a growth-suppressant for the latter Now, several inhibi- 
tory structural analogs of metabohtes are known which act against certam classes 
of organisms and not against others For example, as we have seen earher, 
pynthiaimne affects only those species which have a nutntional requirementfor 
thiamme The sulfonamides affect many microorganisms but do not produce 
signs of deficiency of p-ammobenzoic acid when given m therapeutic amounts 
to animals, and there is some evidence that this selectivity is related to the abihty 
to synthesize pteroyl glutamic acid (see above) Phenyl pantothenone, as well 
as other known antagonists of pantothemc acid, does not cause mgns of depnva- 
tion of the vitamm m animals, althou^ it is quite active against microorganisms 
Acetylpyndme competes with mcotimc acid m animals, but not m bactena or 
yeasts (68), and 2,3-dichIoronaphthoqmnone is far more toxic to fungi and yeasts 
than to bactena and animals (161) Although some insight has been gamed 
mto the reasons for such discrumnation, very httle is known about the matter, 
and if more were understood, therapeutic agents agamst infectious diseases might 
be sought more mtelhgently 

Woolley (189, 159) has underscored the fact that chemotherapy of infectious 
diseases is only a small part of the chemotherapy of disease, and hks shown how 
inhibitory structural analogs of metabohtes may be apphed m attempts to treat 
non-infectious maladies It must be emphasized that no practically useful drugs 
have been turned up as a result of these studies, but some experimental models 
have been set up to explore the possibihties Thus, it was predicted that an 
inhibitory analog of tocopherol would cause resorptive mterruption of pregnancy 
m mice, and it was shown that a-tocopherol qumone would bnng about such a 
result (127) By knowmg the pharmacological manifestations of a deficiency 
of a metabohte, the effects of a metabohte analog may be m part anticipated 
Agam, certam hormones cause disease because they are either produced at an 
excessive rate or are destroyed abnormally slowly It might be possible to neu- 
tralize the effects of the excess hormone by administration of an inhibitory analog 
Such analogs of thyroxme have been formed, and shown to counteract toxic 
doses of the hormone given to tadpoles (128) Furthermore, abundant experi- 
mentation IS bemg earned out to learn whether some of the agents antagonistic 
to histamme and effective against anaphylactic shock and against certain allergic 
reactions, may be viewed as competitive structural analogs of histamme (17) 

The idea that vanous drugs act by combmmg with specific portions of the cell, 
and thus preventmg the normal metabohtes from reactmg, goes back to the time 
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of Ehrlich Since the evidence for this view, and the emmples of it have been 
lucidly expounded by Clarh (183), and recent dovelopmenta especially in relation 
to participation of sulfhydryl compounds m these processes, by Hobhn (17), no 
discussion will be included here 

Appbcaitom to Buxhamstry Inhibitory structuml analogs of metabohtes 
have appealed to many mvestigatora as powerful tools with which to examine 
biochemical reactions. By specifically mterfenng with one process it may be 
possible to discover secrets of metabolism which have eiuded us As with all 
new tools, however, there must be a penod of leammg how to use them, and so 
with these there has been some fumbhng As a result much of the earher work 
has been richer in speculation and hypothesis than in pertment experimental 
observation Let us scan the work along this hno then more with the idea of 
seemg the type of use to which analogs have been and arc bemg put, rather than 
inth the hope of reviewmg each mdividual contribution 

Several authors have concluded from their data on antagoniams that a given 
metabohte has a vnnoty of functions Now this view is not new, but m the ease 
of some vrtnmmB, it added to our knowledge Thus, Shrve and Roberts (186) 
have postulated several functions for p-ammobensoio acid because of the ex- 
istence and behaviour of several antagonists to sulfonamide drugs Previously, 
'Woolley (68) had considered the possibihty of vaned lAles for mcotimo add, 
because rf the way m which acetylpjndine affcoted animals and microorganisms. 

■Whatever may be the merits of these postulaticms there is no doubt that 
different types of inhibitory analogs of the same metabohte exert qunhtativcly 
different biological effects Thus although thiopanio aod (pantoyl taunne) 
and phenyl pantothenone are two diffenng but dose analogs of pantothenic aod, 
and both compete with the vitanun in the growth of bacteria, their qualitative 
effects are rather dissimilar as witnessed by the fact that thiopanic aad is m 
effective in the treatment of malaria, or m the prevention of growth of non 
pantothemo add requirmg imoroorganismB while phenyl pantothenone possesses 
these powers Or agam, there are four types of structural analogs of vitamm K, 
represented by 3,3'-methylenobis-(4-hydroxycoumann), iodmm (a phenaxme 
oxide), o-tocopherol qumone, and 2,3-dichloronaphthoqumono The action 
of each of these compounds may be reversed by vitamm K, but of them only 
the first infiueuces the prothrombm level of plasma, and whereas the first causes 
goneralixed hemorrhages in animals, the thud induces blecdmg only from the 
roproductivo tract, and that only m pregnant animals (127) The first is only 
weakly active m the inhibitimi of growth of bacteria, and m this process is not 
antagonized by vitamin K, whilo the fourth is highly potent against oertam 
microorganisms m which its effect may by antagrauzod by vitamin K. 

Obscure Interrelationships between metabolites have been mdicated by obser 
vations with their analogs Here too as m the former cases, other types of 
evidence frequently pomted to sunilor condudons Thus, o-tocopherol qmnonc, 
an analog both of vitamm K and of tocopherol, called forth pharmacological 
signs Bimilnr to those seen m deficienoy of the latter vitamin, but these manifes- 
tations were negated only by the former (127) Some motabohe relationship 
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between tocopherol and vitamin El seemed indicated The experiments with 
sulfonamides led to the postulation of p-armnobenzoic acid as a metabohto (20) 
and this hypothesis was amply venhed subsequently The fact that tryptophane 
mtake reduced the requu^ment for mcotmic acid, which has led to the postula- 
tion of tryptophane as the precursor of mcotmic acid (191), was discovered with- 
out the conscious use of analogs, but the mterrelationship was exemplified again 
by the use of 3-acetylpyndme (187) Furthermore, the ongmal demonstration 
may have depended on the existence of an analog of the vitamm m the com used 
m the diet (192) Shive and Macow (12) have felt that the effects of pantothemc 
acid on the antagonism between aspartic acid and its hydroxy derivative indi- 
cated that aspartic acid was the precursor of the vitamm 

Because of the greater actmty of cocarboxylase as compared to thiamme m 
antagomzmg the microbiostatic effects of pynthiamme, Sarett and Cheldehn 
(120) concluded that the vitamm was probably attached to the protem part 
of thiamme-contaimng enzymes before the p 3 rrophosphate eater was formed 
Sunilar findmgs with analogs of nbofiavm led Sarett (109) to the same view with 
respect to the functionmg of that vitamm, namely, that the metabohte was 
jomed to the protem before phosphorylation converted the former mto a co- 
enzyme However, these would not constitute umque explanations of the expen- 
mental data 

Several studies have been made of the use of inhibitory structural analogs of 
metabohtes for the specific inhibition of vanous enzymes Not only have new 
inhibitors of old enzymes been found, but also the existence of previously un- 
recogmzed enzymic reactions has been discovered Sealock and Goodland (124) 
showed that the enzymic sphttmg of thiamme by carp thiammase (193, 194) 
could be inhibited competitively by the thiamme analog o-ammobenzyl-methyl- 
thiazohum chlonde, and that the oxidation of tyrosme by liver shces, a process 
catalyzed by ascorbic acid, was inhibited by glucoascorbic acid (16) Likewise 
von Euler and AhlstrSm (195) reported an mterfermg action of pyndme-3- 
sulfonic acid m the dehydrogenation of lactate by cozymase contammg systems 
The mterpretation of these findmgs was made more complex by the fact that 
several unrelated compounds (e g , sahcyhc acid) could replace pyndme-3- 
sulfomc acid Perhaps some of the obscunty m mterpretation of these results 
resided m the fact that the analog was bemg used to compete with acoenz 3 Tne 
rather than for a substrate An mvestigation of the effects of mcotmic acid 
analogs on the enzymic synthesis of coz 3 mase might provide more mterpretable 
data (Compare the discussion of mechanism above) Paget and Vittu (196) 
have reported that phospho-mono-esterase of erythroc 3 dcs is retarded m action 
by sulfanilamide and that this effect is reversed by p-ammobenzoic acid In 
view of this findmg a search for the function of the latter metabohte m the 
enzyme-system imght prove profitable 

However, the mere mhibition of an enzymic reaction by a metabohte analog 
IS not trustworthy evidence that the related metabohte is actually an mtegral 
part of the system For example, although sulfanilamide mterferes with the 
action of carbonic anhydrase (197), there are no data to mdicate that p-ammo- 
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benioic aad is concerned with the cnsymic process The effect of the analog 
IS not revBiBed by p-aminohensoio acid, and furthermore, other sulfonamides 
which compete with the metabolite do not inhibit the action of the eniyme In 
this instance sulfanilamide seems to possess a biological property not related to 
its competition with the struoturaliy sunilar p-ammobensoic acid. Many chemi- 
cal compounds are harmful to ensyimo reactions, so that it is understandable 
that metabohte analogs may have effects other than those related to then- com 
petitiTB behaviour 

A new ensymio process, namely, that of the conversion of pantothemo aad 
into a conjugated form m streptococcal cells was discovered by McHwam through 
the use of the analog thiopamo acid (83) This reaction of the vitairun was 
mthnately coupled with (dycolysia but by judiacrus use of inhibitors, the panto- 
thenic acid conjugatmg system could be differentiated from the ghicolytio one 
In sunilar fashion, Woolley (118) recognised a pynthiamme-spUtting system in 
certain mioroorganiama, the occurrence of which was correlated with the abflitj 
to synthesise thiamme 

The observation that a pair of struoturaliy sunilar metabolites, which both 
occur in the same mdividual, may be competitively antagonistic to each other 
has led to the hypothesis that certam metabolic functions are regulated through 
the intermediation of this antagonism. For example, Qramok and Gilder (101) 
considered that metabolism of porphynns was m part regulated by the competi 
tion between protoporphyrin and eopro-porphyrin These two biologically 
important compounds were known to exist m the same individual, and yet in 
the growth trf BemophUua tn/iuensas they were ccmpetitorB A similar view for 
the estrogens and androgens was mentioned briefly above (116) Possibly the 
antagonisms between analogous andno adds, such as that between glycine and 
alanine (7) may be viewed from this angle 

Compounds have been discovered m some species whidi are harmful to other 
livmg thmgs, and which can be rendered harmless bj' an excess of structurally 
analogous metabolites. In other words, inhibitory structural analogs of metabo- 
htes are formed by one type of organism and act against other types. Thus, 
lodinin, a hydroxy phenasme oxide, is an anbbiotio pigment formed by Chroma- 
badertum todinwn It competes with the structurally related vitamm K in the 
prevention of growth of streptococci (149) Agam, a substance has been found 
in com (maise) which is able to cause signs of pellagra m mice (192) The 
action of the compound was rei'ersed either by mcotinio aad or by tryptophane 
Because of these facts, and because of the chemical properties of the active 
substance, it was postulated that the agent might be an analog of nicotmic 
acid ‘ 

iSince this paper was prepared the pellaeragenie agent haa been identlSed aa indole 
acetic add (200) This oomponnd may be viewed aa derived from niootiido add by con 
ingation with a benaene ring and extrusion of a carbon atom from the pyridine ring It ia 
lihewiae an even better analog of tryptophane Just aa in the caaa of a tocopherol quinone, 
which ia related to both vitamin E and vitamin K indole acetic add Ii at the aame time an 
analog of two metaholitea In the latter inatance either metabolite will reverse the effecta 
of the analog 
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This last example lacks force because the nature of the agent is still con- 
jectural, but a better defined case of production of disease by ametabohte analog 
exists Fusanum lycoperstci, the cause of a common disease of tomatoes, pro- 
duces a toxic substance which will reproduce the signs of the disease m plants 
This agent has been isolated m pure form (198) and shown to be a tnpeptide 
isomenc with serylglycylaspartic acid (199) The tomato-wilting powers of this 
peptide are negated by the related seiylglycylglutamic acid, or glutathione, or by 
strepogenm, and these latter peptides have been shown to function as required 
nutnents for several species of bacteria (199) The Fusanum probably is able 
to cause disease by formmg an inhibitory structural analog of a metabohte 
The logical step would be to treat the infection with the metabohte The eluci- 
dation of the structure of the antagonist m this case was the key for solving the 
probable nature of the unknown metabohte, strepogenm 

Some Relaitonshtps of Structure to Antagontshc Adtvity Generalizations 
have been made about the types of structural alteration which will convert 
metabohtes mto antagonistic agents (189) Despite some adverse cnticisms 
(e g 18), and m the face of acknowledged shortcommgs and limitations (189, 159) 
the ideas contamed m these generalizations have contmued to lead to the pro- 
duction of new metabohte-mhibitors The basis for these rules may be seen from 
table 2 This is that alteration of the structure of a metabohte m certam 
defined ways results m the formation of agents which compete with it Some of 
these types of alteration are the replacement of a carboxyl group with a sulfomc 
acid or sulfonamide radical, or by a ketone, the substitution of one atom for 
another in the ring system of the metabohte, and the replacement of alkyl side 
chains of aromatic ring systems with halogens These are only a beginnmg m 
the classification of generalizations about the relationships of chemical con- 
stitution to antagonistic activity, because many examples could be cited of other 
types of alterations m structure which lead to inhibitory analogs (3) Further- 
more, Woolley (189) has pomted out that there is no smgle way in which the 
structure of a vitamm or hormone must be altered m order to obtam a com- 
petitor to it As we saw m the previous section, there may be pronounced 
quahtative differences m effects produced by different types of analogs of the 
same metabohte As knowledge about the phenomenon of antagonism between 
structurally similar compounds accumulates it is probable that these postulations 
will be both modified and expanded 

REFERENCES 

(1) Goodman, L , A Gilman and N Habt Fed Proo 2 80, 1943 

(2) WooLLET, D W J Biol Chem 162 226, 1944 

(3) Woolley, D W The Harvey Lectures, Senes XLI, 1946-46 

(4) Roblin, R O , Jb , J O Lampen, J P Engubh, Q P Cole and J R Vaughan 

J Am Chem Soc 67 290, 1946 

(5) Nielsen, N NaturwiBsenschafteii 81 146, 1943 

(6) Sabett, H P and V H Cheldeun J Bact 49 31, 1946 

(7) Snell, E E and B M Gulbaed Proc Nat Acad Sci 29 66, 1943 

(8) McIlwain, H j Chem Soc 76, 1941 

(9) SmzizEN, J J Infect Dis 78 212, 1943 



COUPETmON BirrWBEN BELATED COMPOUNDS 


329 


(10) OiACBTOiTB, Q P Brit J Exper Path 20 189, 1039 

(11) HuTcnmoB, B L and W H Ftterson Ptoc Boo Expor Biol and Med CS 30 

1943 

(12) SmvEjW andJ Macow J Biol Chem 162 451,1040 

(18) WooLiBT D W AND L 0 KRAirpiT* J Exper Med 78 333, 1943 

(14) WooLiXT D W Fed Proe 3 97, 1944 

Q6) Lan, T H AND K, K ScALOCK J Biol Chem 165 483, 1944, Cibson Island Ck>Q 
fereneea of Am Abboc Advancement of Science, Joly 1944 
(10) Hekrt R. j Bact Rev 7i 175 1943 

(17) Kobun, R O , Jk. (3hem Bev 38 265 1946 

(18) Welch A B Fhjiiol Hev 26t 687, 1945 

(19) Nobthct E H (Ilhem Rev 27t 1940 

(20) Woods, B B Brit J Exper Path 21 74, 1940 

(21) Hmscn J Scienee 96t 1^, 1942 

(22) KtJHN R,E F MOlixb O Wendt and H Beinebt Ber 76 711,1942 

(23) Petebs, L j Pharmacol 79 32, 1943 

(24) MOlleb E F and R Schwabs Ber 74B: 1612, 1941 

(26) Sandoboukd J E and C R Hamilton J Fhannacol and Exper Therap 76: 

109. 1943 

(®) Bandobound, j E and C R Eamilton J Pharmacol and Exper Therap 78 

203. 1943 

(27) Sandoboukd J E J Phannaool and Exper Therap 76 200 1943 

(28) Sandoboukd J H akdO R Hamilton J Lab and CHinloal Med 28:1821,1943 

(29) Johnson, 0 H,B E Gbeeh and R Pauu J Biol Chem 163:87,1944 

(30) WT8i, 0,M Rubik AND F B Stbandsiov Proo Soc Exper Biol and Med 62: 

166 1943 

(31) Mabtxr, A RandF L Rose Bloehem J 89:91 1946 

(82) Andbewes, C H , H Eino, M, Van den Ends and J Walxeb Lancet 1: 777, 1944 

(33) Aubaoen, £ Ztschr physiol C%em 874: 48 1942 

(34) BimccB, R D B Melville and V du Viokeaud Bdance 69 203 1944 
(85) BrmcxB, R and Y du Viokeaud Science 100: 120 1944 

(88) Lillt, V O AND L H LzoTnAN Science 99: 205, 1944 
(87) DU Viokeaud, V Chem Eng News 83t 1945 

(38) Bbown, G B andV du Viokeaud J Biol (Them 163: 761,1046 

(39) Enoubh, j P , R 0 Clapp, Q P Cols, I H HALVEBarADT J O Laupen and 

RO Roblik, Jb j Am Chem Soo 67:395,1945 

(40) Axelbod a E , j DeWoodt and K HonuNN J Biol Chem 163 771, 1946 

(41) Eeston, a B and 6 B Wobtu Proe See Exper Biol and Med 81: 4% 1946 

(42) Kuhn, R Angew Chem 63: 1, 1940 

(48) Bobex E P SiTEiNEas and H Waxlscr Fed. Proe 6: 123 1940 
(44) Bobex E H E Milleb P SheinesoandH Wazlbcq J Biol Chem 163 : 847 
1916 

(15) Morbis H C andC A Dbaosteot Proe 8oe Exper Biol and Med 69:81,1916 

(46) Landau 8 W and L N Gat BbU Johns Hopkins Hosp 74 55 1944 

(47) Jadassohn WEE Fiebi David and H Vollenweideil Sehweii Med 

Wchnschr 78 122 1943 

(48) Jadassohn, W RE Fieri David and H Vol lewwxid eb Helv Chim Acta 

S7 1881 1944 

(40) Emmxuk N G B Kahlson and R I<ind8tb0u Acts Physiol Seand 8:89,1941 

(60) Youno R H and R P Gilbebt J Allergy 12 235, 1941 

(51) Gilbert A J and F Goldman Proe Soo Expor Biol and Med- 44 453, 1940 

(62) Chauchard B and P Chauchahd Compt rend loc biol 137 708, 1913 

(63) Sxooo, F 0 L Schetder and P Malan Am- J Botany 99 568 1912 

(64) Kihxwood, 6 andP H Phxlups J Biol Chem 163 251 1946 



1/ w 




(148) Meunier, P , C Mentzer, Bdu-HoI and P Cagniant BuU Soc chm biol 

25 384,1943 

(149) McIlwain, H Biochem J 87 265, 1943 

(160) Ter Horst, W P andE L Felix Ind Eng Chem 36 1255,1943 

(161) WooLiiET, I) W Proc Soc Expcr Biol and Med 60 225, 1945 

(152) Smith, C C , R Fradkin and M D Lackey Proc Soc Expcr Biol and Md, 

61 398, 1946 

(153) Carrara, G Ricerca eci 14 250, 1943 

(154) Miller, J K J Pharmacol 71 14, 1941 

(165) Kuhn, R , E F MOller and G Wendt Ber 76 405, 1943 
(160) Drell, W and M S Dunn J Am Chem Soc 68 1868, 1946 
(167) Wright, L D and H R Skeggs Arch Biochem 10 383, 1946 
(158) Kalnitsky, G and E S G Barron (In press ) 

(169) Woolley, D W in Green, D E Currents in Biochemical Research IntenaeM 
Publishers, Inc , New York, 1946 

(160) McIlwain, H Biol Rev Cambndge Phil Soc 19 136, 1944 

(161) Tracy, A H and R C Elderfield J Org Chem 6 54, 1941 

(162) Rubbo, S D and J M Gillespie Nature 146 838, 1940 

(163) Blanchard, K C J Biol Chem 140 919, 1941 

(164) Angier, R B , j H Boothe, B L Hutchings, J H Mowat, J Seub, E L H. 

Stockstad, Y SubbaRow AND C W Waller Science 103 667,1946 

(166) Overman, R S , J B Field, C A Baumann and K P Link J NolntwnW 


689, 1942 

(166) Tamura, j T j Bact 47. 529, 1944 

(167) Lampen, j 0 and M J Jones J Biol Chem 164 485, 1946 

(168) MOller, E P , 0 Zima, F Jung and T Moll Natunvi8senschaften27'2K,19S 

(169) Pilgrim, F J , A E Axelrod, T Winnick and K Hofmann Science i 


1945 


(170) HontANN,K ,R H McCoy, J R Felton, A E Axelrod and F J Piloboi 

Biochem 7 393, 1946 

(171) Perlman, D Unpublished data 

(172) Hofmann, K and T Winnick J Biol Chem 160 449, 1945 

(173) Robbins, W J Am J Botany 29 241,1942 

(174) Robbins, W J and R Ma Bull Torrey Botan Club 69 342, 1942 

(175) Emerson, S and J E Cushing Fed Proc l 379, 1946 

(176) Johnson, F H Science 96 104, 1942 .q,, 

(177) Eakin, R E , E E Snell and R J Williams J Biol Chem 140 635, 

(178) Woolley, D W and L G Longsworth J Biol Chem 142 285, 

(179) Krayer, 0 , A Goldstein and F L Plachtb J Pharmacol 80 8, 1944 

(180) Neal, A L and F M Strong J Am Chem Soc 66 1659, 1943 

(181) Miller, A K Proc Soc Exper Biol and Med 67 161,1944 

(182) Wohl, a and E Gumm Biochem Ztschr 27 349, 1910 

(183) Clark, A J in Handbuch der expenmentellen Pharmakologie 

Berhn, 1937 

(184) Fildeb, P Lancet 1 955, 1940 

^TiN, G J AND C V Fisher J Biol Chem 144 289, 1942 
E C Roberts J Biol Chem 162 463, 1946 
W J Biol Chem 162 179, 1946 
^ Pharmacol and Exper Therap 79 27,1943 
W Science 100 679,1944 

rim A J Exper Med 74 441, 1941 1946 

no■>^ ^ Huff AND W A Perlzweig J Biol Chem IW > , 

S ^ J Chem 163 773,1946 

(193) Woolley, D W J Biol Chem 141 997, 1941 


Aii- 


Vol lV,Spni>«y> 


COMPETmOIi BETWEEN REIATEl) COMPOUNDS 


329 


(10) Giadbtorx Q P Brit J Exper Puth 30:1^ 1039 

(11) HuTcmKOs, B L AN© W H Peteoson Proc Soc Exper Biol and Med 62 36 

1043 

(12) Bbivb, W andJ Macow J Biol Chem lS2t 451, 1040 

(13) WooLLET, D W AND L 0 KAioiPtTX J ExpcT Mod 78 333 1043 

(14) WooLLET D W Fed Proc 8 07, 1044 

(15) Lan, T H AN© E. R. Bbaiocc J Biol Chem 166t4S3, 1044 Gibson Iiland Con 

ferencet of Am Assoc Advancement of Sclenea July 1044 

(16) Henet, R, j Baot Rev 7 175 1043 

(17) Robun, R, 0 , Ja. Chem. Rev 38 255 1040 

(18) Welch, A D Physiol Rev 25 637, 1046 
(10) Northet, E H Chem Rev 27 86 1040 

(20) Woods, D D Bnt J Exper Path 21 74 1940 
^1) Eibsch, J Science 96 139 1942 

(22) Kuhn R. E F MGuxRjQ Wendt and H Beinbnt Ber 76 711,1012 

(23) Fetebs L j Phaxmacol 79 82, 1013 

(24) MOlleb E F and K Bcbwajlx Ber 74B 1612 1041 

(25) Bandqbound j H and C R Hamilton J Pharmacol and Exper Tberap 7B 

100, 1943 

(26) Bandobound, J H and C R, Hamilton J Pharmacol and Exper Therap 78 

203, 1948 

(27) SAND<iBOtrND, J H J Pharmacol and Exper Therap 78i 209, 1943 

(28) Bandobound J E andG R. Hamilton J Lab andCUmcalMed 28:1821,1943 

(29) Johnson 0 H,D £ Gbcen an© R. Pauu J Biol C^em 163:87 1944 

(30) Wtu O M Rubw an© F B Stbandsxoy Proc Soo Exper Biol and Med ESt 

165, 1943 

(31) Mabtin,A R akdF L Rose Bioohem J 89 : 01 1945 

(82) Akdbnweb 0 H H Kino M. Van ©bn Ends an© J Waixeb. Lancet 1 777 
(33) Auhaoen E Ztsohr physiol Chem 874 48 1942 ' 

(84) DrmiEB, E. D B Melytule and V ©u Vjoneau© Bclenee 99: 203, 1944 
(39) Dimon, K an© V ©u Viokeau© Science 100: 129, 1944 
(86) Liixt, V Q an© L H Leoniak Bdeoee 99 206, 19^ 

(37) ©u Vioneaud, V Chem Eng News 83 623 1946 

(38) Beown Q B an© V DU Vioneaud J Biol Chem 183 761, 1946 

(39) Enoubh, j P R C Clapp, Q P Cole, I H Halyebsttadt J O Lampenand 

R.0 RoBLXNfJn. J Am Chem Soo 67:296,1946 

(40) Axelbod, a E , j DbWoodt and K Hopmann J Biol Chem 163 77] 

(41) Kebtor, A S AN© 8 B Wobtib Proc Boc Exper Biol and Med 61:42)* 

(42) Kuhn R Angew Chem. 63: 1 1940 

(43) Bobek, £ F SnBiNEas an© H WAXtacH Fed Proc 6 123 1946 , 

(44) Bobee, £ H K. Miuxb P BHEnfEsa an© H Waelboh J Biol CbeiiL IQ xtr 

1946 

(46) Mobbib H C andC A Dbaobtedt Proc Soc Exper Biol and Med 69 jji 

(46) Landau S W akdL N Gat Bull Johns Hopkins Hoep 74:65 1944 

(47) Jadassohn W H E Fiebs David and H Vollekwetdeb. Schwelx JJm 

Wchnschr 78: 122 1913 “ 

(45) Jadassohn W , H E Fiebx David an© H Vollenyteidbb Heir Qrfm 

27 1884 1944 

(49) Emmeuw nos KahlsohandK LindsteOm Acta Physiol Scaad 8 t»yi 

(60) Youno.R H andR P Gilbebt J Allergy 12: 235 1941 

(61) Gilbert A J and F Goldman Proc Boc Exper Biol and Med 44t 455 
(52) Chauchabd B an© P Chauchab© Compt rend soc biol 137 703 

(63) Skooo, F , O L Bcheideb an© P Malak Am J Botany 89 668, 1942. 

(M) Kirxwood B andP II Pihlups J Biol Chem 163:251 1940 



330 


D "W WOOIiLET 


(66) Doudohofp, M Proo Soc Exper Biol and Med 63 73, 1943 

(66) Bonner, D , E L Tatum and G W Beadij: Arch Biochem 3* 71, 1943 

(67) Fox, S W ,M FunoandG N Boluenbach J Biol Chem 166 465,1944 

(68) Doermann, a H Arch Bioohem 6 373, 1944 

(69) Dtee, H M J Biol Chem 124 619, 1938 

(60) Harris, J S and H I Horn J Pharmacol 73 383, 1941 

(61) McIwain, H Bnt J Exper Path 21 136, 1940 

(62) Matti, j , F Nitti, M Morel and A Lwoff Ann inst Pasteur 67 240, 1941 

(63) MOllbr, E F Amo L Bihkofeh Ber 76 1108, 1118, 1942 

(64) McIlwain, H Nature 146 653, 1940 

(65) Eblenmeter, H and W WtlROLKH Helv Chun Acta 26 249, 1942 

(66) WooLi4ET,D W ,F M Strong, R J Madden and C A Elvehjem J Biol Chem 

124 716,1938 

(67) Woollet, D W and A G C White Proo Soc Exper Biol and Med 62 106, 

1943 

(68) Woollet, D W J Biol Chem 167 466, 1946 

(69) Erlenmeter, H , H Bloch and H Eiefer Helv Chun Acta 26 1066, 1942 

(70) Snell, EE J Biol Chem 139 976, 1941 

(71) Kuhn, R , T Wieland and E F MOller Ber 74 1606, 1941 

(72) McIlwain, H Biochem J 36 417, 1942 

(73) McIlwain.H andF Hawring Lancet 1 469,1943 

(74) Snell, E , L Chan, L Spiridanofe, E L Wat and C D Leake Science 97 

168, 1943 

(76) Unna, K Proc Soc Exper Biol and Med 64 65, 1943 

(76) Barnett, J W and F A Robinson Biochem J 86 367, 364, 1942 

(77) McIlwain, H Bnt J Exper Path 23 96, 1942 

(78) Rosenthal, Von H and C A Gaos Ztschr Vitaminforsch 17 27, 1946 
^9) MclLVrAiN,H Bnt J Exper Path 24 203,1943 

(SO) McIlivain, H Bnt J Exper Path 24 212, 1943 

(81) McIlwain, H Bioohem J 38 97, 1944 

(82) McIlwain, H and D E Hughes Biochem J 38 187, 1944 

(83) McIlwain, H and D E Hughes Biochem J 39 133, 1946 

(84) Snell, E E andW Shive J Biol Chem 168 651,1946 

(85) McIlitain, H Biochem J 39 329, 1946 

(86) McIlvtain, H Biochem J 39 279, 1946 

(87) Pfaltz, H Ztschr Vitaminforsch 18 236, 1943 

(88) Pollack, M A J Am Chem Soc 66 1335, 1943 

(89) SmvE, W AND E E Snell Science 102 401, 1945 

(90) Shive, W and E E Snell J Biol Chem 160 287, 1945 

(91) Madinavbitia, J , A R Martin, F L Robe and G Swain Biochem J 89 85, 

1945 

(92) Winterbottom, R , J W Clapp, W H Miller, J P English and R O Roblin, 

Jr To be pubbshed (compare reference 17) 

(93) White, H J , M Lee, E R Jackson, A PIimes and C M Alveeson To be pub- 

bshed (compare reference 17) 

(94) Woollet, D W and M L Collter J Biol Chem 169 263, 1945 
(96) Woollet, D W J Biol Chem 163 481, 1946 

(96) Marshall, E K Fed Proc 6 298, 1946 

(97) Martin, G J , L J Lewis and H Heist Abstracts of Papers, 109th Meeting 

Am Chem Soc 21B, 1946 

(98) Beerstechee, E and W Shive J Biol Chem 164 63, 1946 z-i -o -n 

(99) DU ViGNEAUD, V , H McKennis, Jr , S Simmonds, K Dittmee and G B Brown 

J Biol Chem 169 385, 1946 / 

(100) DirniEE, K , G Ellis, H McKennis, Jr and V du Vigneaud J Biol Chem 

164 761,1946 



COMPETITION BETWEEN RELATED COMPOUNDS 


331 


(101) Qajunoc 6 akd H Qildes Science 101 540, 1045 

(102) Hxbeutxst J C , D Liaxi^ akd C LBU C H T E KBEPOEa Cancer Hctaareh 6 128, 

1946 

(103) Orr,W H Proo Soc Exper Biol andMed 61 125 1946 

(104) Kuhw, R., F WbtoakdandE F MOllsa. Bct 76:1044 1948 

(105) Emebsok Q a akd M Tiihlbs Proo Soc Exper Biol and Med. 55 184, 1044 

(106) WooiXET D W J Biol Chem 164i 81 1944 

(107) Euebsok, Q a E Wubtz akd O H* Joiiksok J Biol Cliem 160 165, 1045 

(108) Sahett, H P Fed Proo 4 101,1045 
009) Babbtt HP J Biol Chem l^Q 87 1946 
aiO) PoarcE J W J Bact 48 97 1944 

(111) Qua&tbl j H and W E. WoouiRiDOB Biochem. J 21 1224 1927 

(112) EvebctTj G AKD J C Kbaktx, Jb Proo Soo Exper Biol andMed 55 220 1944 

(113) Kobxkghbtbkt, V Arch intern phannaoodynamle 70: 411, 1945 

(114) ABuaTBOKQ W I) , M EKom.TOH AKD M OoDXE Endocnnology 80 318, 1945 

(115) WootxsT D W Advancea In Enxymology 6: 120, 1946 

(116) Wooixrr D W akd A O O Whitb J Biol Chem. 146: 285 1943 

(117) WooLLTT D W AKD AGO WiUTB J Expor Med 78 488 1943 

(118) WooLLET D W Pfoc Boo Exper Biol andMed 65:179 1944 

(119) Wtss O j Bact 48 483, 1948 

(120) Baeett, H P akd V H CEtELDtuK J Biol Ghem. 168 91 1944 

(121) Bobbins, W J Proc Natl Acad Sol U B 27^19 19U 

(122) Boooak M ako L K Ccbcccdo J Am Chem Boo 66: 198S, 1944 

(123) Eubtuon, Q a akd P Bo uthwi ck J Biol Chem 160 169 1946 

(124) Sealocx ILE akdE L Goodlakd J Am Chem Boo 66 : 507, 1944 

(126) BucmiAK E R. E Heeqaard akd J Bonkxb Proo Natl Acad 8d U B S6 

661 mo 

(126) UrrcHiNoe Q H,E A FalcoandM B Bhebwood Bcience 102 251,1945 

(127) WoOLLirr,D W J Biol Chem 159:69 1945 
a28) WooiXKT D W J Biol Chem 184: 11, 1946 

(129) Fildbb P Biochem J 32 1600 1938 

(ISO) Bloch H akdH Ebixkucteb Helv Chim Acta 25: 694 1062,1942 

(181) AKDimsoK, T F Seience 101: 565 1945 

(182) Woods B B Bioohem J 88:4 1942 

G33) Stbakdsxov F B akd O Wtss J Bact 60 : 237 1945 

(134) Btahuakk M a C F HnEBKCB akd K P Ltkx. J Biol CHiem 183 513 1941 

(135) Linx,K P Harvey Lectures Series XXXIX 1944 

(130) Quick A J Physiol Rev 34 297, 1944 

(137) Batidson C S akd H MacBokald New England J hied 229: 353, 1943 

(138) Lucas 8 P akd P hi AaacLEB Proo Boc Exper Biol and Med 66 36, 1944 

(139) Bbodie B C W a Hiestakd akd Q L Jekuks J Am Phann Assoc 81: 

73 1940 

(140) CROiiEB H E Jb and N W Babkkb Proo Staff hleetlngs Mayo Climo 19 217 

1944 

(141) Lehmvkn j Lancet 1 661 1943 

(142) Overman IL 8 M A, Staouakn akd K P Likk. J Biol Chem 148 155 1942 
G43) BnAfiBO B hi H RedisbakdH A Campbell Proc Soo Exper Biol and Mod 

63 12 1943 

(144) Meukteb P andC Mentieil Bull Boo chim blol 25 80 1943 
(146) Glavind j and K P Jaksek Acta Physiol Scand 8 173, 1044 

(146) OvEBMAK R 8 , M A Btaumakk, C F Hdebkbr W IL Soluvan L Bpebo 
, BO Bobektt hi IcAWA L Grav, 8 ’Rosewak akd K P Link J Biol 

Chem 163 5 1944 

(147) Mentxer C andP hlEUKiER Bull Soo chim biol 25:379,1943 



332 


D W WOOLLEY 


(148) Meuniee, P , C Mentzer, Betj-HoI and P Caqniant Bull Soo chim biol 

26 384,1943 

(149) McIewain, H Biochem J 37 265, 1943 

(150) Tee Hobst, W P and E L Felix lad Eng Chem 36 1255, 1943 

(151) WoOLLET, D W Proc Soc Exper Biol and Med 60 225, 1946 

(162) Smith, C C , R Feadkin and M D Lackey Proc Soc Exper Biol and Med 

61 398, 1946 

(163) Carraba, G Ricerca bci 14 260, 1943 

(164) Miller, J E J Pharmacol 71 14, 1941 

(166) Kuhl,R,E F MOllerandG Wendt Ber 76 405,1943 
(166) Deell, W and M S Dunn J Am Chem Soo 68 1868, 1946 
G67) Weight, L D and H R Skegos Arch Biochem 10 383, 1946 
(168) Kalnitskt, G and E S G Baebon (In press ) 

(159) Woolley, D W in Gheen,D E Currents in Biochemical Research Interscience 

Pubhshera, Inc , New York, 1946 

(160) McIlwain, H Biol Rev Cambridge Phil Soc 19 135, 1944 

(161) Teacy, a H and R C Eldeefield J Org Chem 6 64, 1941 

(162) Rhbbo, S D and J M Gillespie Nature 146 838, 1940 

(163) Blanchard, K. C J Biol Chem 140 919, 1941 

(164) Angiee, R B , j H Boothe, B L Hutchings, J H Mowat, J Seme, E L R 

Stockstad, Y SubbaRow and C W Waller Science 103 667, 1946 

(165) OvEEMAN, R S , J B Field, C A Baumann and K P Link J Nutrition 23 

689, 1942 

(166) Tamura, j T j Bact 47 629, 1944 

(167) Lampen, j 0 AND M j Jones J Biol Chem 164 485, 1946 

(168) M6ller,E F,0 Zhia, F Jung and T Moll Naturwis8enBchaften27 228,1939 

(169) PiLGEiM, F J , A E Axelrod, T Winnick and K Hofmann Science 102 36, 

1946 

(170) Hofmann, K , R H McCoy, J R Felton, A E Axelbod and F J Pilgeim Arch 

Biochem 7 393, 1945 

(171) Peelman, D Unpubbshed data 

(172) Hofmann, K and T Winnick. J Biol Chem 160 449, 1946 

(173) Robbins, W J Am J Botany 29 241,1942 

(174) Robbins, W J and R Ma Bull Torrey Botan Club 69 342, 1942 
(176) Emerson, S and J E Cushing Fed Proc a 379, 1946 

(176) Johnson, F H Science 96 104, 1942 

(177) Eakin, R E , E E Snell and R J Williamb J Biol Chem 140 636, 1941 

(178) Woolley, D W andL G Longswoeth J Biol Chem 142 285,1942 

(179) Krayer, O , A Goldstein and F L Plachte J Pharmacol 80 8, 1944 

(180) Neal, A L and F M Steong J Am Chem Soc 66 1669, 1943 

(181) Miller, A K Proc Soc Exper Biol and Med 67 161,1944 

(182) WoHL, A AND E Glimm Biochem Ztschr 27 349, 1910 

(183) Clark, A J in Handbuch der expenmentellen Pharmakologie Vol IV, Springer, 

Berhn, 1937 

(184) Fildes, P Lancet 1 965, 1940 

(185) Martin, G J andC V Fisher J Biol Chem 144 289,1942 

(186) Shive, W and E C Roberts J Biol Chem 162 463, 1946 

(187) Woolley, I) W J Biol Chem 162 179, 1946 

(188) IJnna, K J Pharmacol and Exper Therap 79 27,1943 

(189) Woolley, D W Science 100 579,1944 

(190) Teagee, W J Exper Med 74 441,1941 

(191) Rosen, F , J W Huff and W A Peelztweig J Biol Chem 163 343, 1946 

(192) Woolley, D W J Biol Chem 163 773,1946 ' 

(193) Woolley, D W J Biol Chem 141 997, 1941 



COMPBimON BETWEEN BELATED COMPOUNDB 


333 


(194) KHxinTTijL 0 akdD W Woollbt J Biol Chem UQ 0^^ 

(195) Edleb, H t akd L AhlstbOu Ztaobr ph 3 rfiol dionu 279 176 1943 

(196) Paobt ml and O Vittu Compt rend too blol 188: 1066, 1944 

(197) Mann T and D Kbilin Nature 1*6 164 1940 

(198) PiiATTNEB P A AND N Clid»on Kaas, Hclv Chlm Acta S8 183, 1945 

(199) WooLLET D W J BloL Chem 168 783 1916. 

(200) Kodicck E K J OABPBirrxAAKDL J Harrtw L&ncet3:491 1946 

(201) Tatuu.E L andT T Bbll. Am J Botany S3 15 1946 

(202) Nielben, N , V Habtbudb and G Johansen Naturwlssonschaften 32 294 1944 

(203) Euler H v and P Karrer. Heir Chim Aeta 39 853, 1946 

(204) MrrcHEU/,H K andM.B Houlabak Am J Bot&nj^33 81 1946 

(205) ScHOprEH, W H and bL Quilloud Heir Phyuol Pharmacol Acta* C24 1946 




Physiological Reviews 

VoL 27 JULY, 1947 No 3 

THE BIOLOGICAL SIGNIFICANCE OF HYALURONIC ACID 
AND HYALURONIDASE 

KARL MEYER 
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Hyaluronic acid ib a mucopolyeacchande acid which m animal tissues seems 
to bmd water m mterstitial spaces. It further holds cells together m a jelly 
hke matrix and serves as a lubncant and shock absorber m jomts It is desaggre- 
gated and depolymerised by the action of the ensyme hyaluromdase In 
this review the effort is bemg made to discuss aspects most essential to an undcr- 
stondmg of the biological lAle of hyaluronic acid and hyaluromdase 
Duran Reynals m 1942 m a paper entitled "Tissue permeability and the 
spreading factors m infection” pubUahed the first comprehensive review dealing 
with hyaluromc acid, hyaluromdase and the spreadmg factors. Current hter- 
ature has been bnefl> reviewed m 1042 (16B) and in 1944 (44A) 

I Hyalubokic ACtD A Occurrence Hyaluromc acid was first isolated 
from bovine vitreous humor (03) Subsequently it was isolated from human 
umbilical cord (64), from bovmo aqueous humor and from vitreous humor of 
pig eyes (66) from groups A and C hemoljtic streptococci (36), from bovme 
and human synovial fluid (GO), from a number of mesenchymal tumors hke 
fowl leucosis (33), the pleura and peritoneal fluid of a case of meson thohoma (66), 
from two cases of human S}mo\noma (unpubhshed), from Rous and Fujuunmi 
tumors of chicken (71), and from pig skm (60) 

Hyaluromc acid probably occurs m the nucleus pulposus of the intervertebral 
disc (unpublished) and m small concontrations in connective tissue, although 
it has not been isolated from those sources, 

B CJicmutry For the isolation of the acid from vanous sources some 
modifications of the same general prmciplee liavc been desenbed From flmds 
like vitreous humor, synovial fluid and some tumor fluids, from which the purest 
samples have been obtained, the acid is first precipitated as a salt of accompa 
nymg protems For this purpose the fluids ore diluted with 2-6 volumes of 
cold water and acidified to a pH of about 4 with 60 per cent acetic acid with 
vigorous stimng With vitreous humor the precipitation may be mcomplote 
until the protem content is increased by addition of horse or cattle scrum 
The ‘mucm clot” is left stondmg at 0® for 24 hours, is then washed with cold 
water and extracted with a 6 to 10 per cent solution of sodium, potassium, 
or calcium acetate, dopondmg upon which salt is to be desired The extraction 
may be hastened by adding alkah to a pH of 9 0 
Solid tissues hke umbibcol cord or some tumors are chilled, ground and dcsic 
cated with acetone The dry material is extracted repeated!} with 6 to 10 per 
cent of an acetate The crude acid is acidified to pH 4 and precipitated with 1 6 
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volume of ethanol The centrifuged and ™shed precipitate is again extracted 
with acetate 

The further punfication of this extract and the extracts of the protein salts 
descnbed above are, from here on, identical The bulk of the protem is removed 
by stirrmg with a chloroform-amylalcohol mixture for one hour followed by 
separation of the fluid from the gel by centrifugation The procedure is repeated 
imtil a gel is no longer formed Further mtrogenous impurities are removed 
either by adsorption on Zn (OH)s at pH 7 2 (addmg 10 per cent zmo acetate 
and neutralizing) or by adsorption on Lloyd’s reagent at a pH of about 4 The 
supernatant is precipitated ivith 1 5 volumes of ethanol at pH 4 The stnngy 
mass is again centrifuged, washed ivith alcohol, redissolved m a mmunum 
amount of water, precipitated by alcohol m the presence of acetate, washed 
vnth alcohol and ether and dried m vacuo over PjOi In earher preparations 
m this laboratory, the free acid was precipitated by pourmg the aqueous solution 
mto 6 to 10 volumes of glacial acetic acid The products so obtamed were of 
high punty and very low ash content (64), but w'ere somewhat depolymenzed 
as evidenced by a lowered viscosity and a lower optic rotation 

The hyaluronate preparations sometimes contam mtrogenous impurities, 
glycogen, and orgamc and morganic sulfate Nitrogenous impurities shown by 
an mcreased ratio of total N to hexosamme N can bo removed by repeated 
adsorption Glycogen, present especially m skin and umbihcal cord prepa- 
rations, is mdicated by too low analytical figures (see below) and is removed 
by mcubation for a few hours with either filtered saliva or a commercial amylase 
Sulfates are difficult to remove, e^ecially m umbilical cord hyaluronate The 
S content may be lowered by dissolvmg the punfied material m 10 per cent 
calcium acetate or chlonde and fractionatmg mth 25 to 33 per cent ethanol 
After the mixture has stood at 0° for 24 hours the bulk of the sulfate is found 
m the precipitate 

Several authors have reported simplified methods for the preparation of 
hyaluronate One such method (18) yielded a preparation which after removal 
of some insoluble matenal contamed only 16 per cent of standard hyaluronate 

The preparations m this laboratory are analyzed for N by the K]eldahl 
method, for hexosamme, for acetyl by the Kuhn-Roth method, for uromc 
acid by the Freudenberg modification of the Tollens-Lefevre method, and for ash 

The rotation [a] ^ of the sodium salt is —70°, that of the free acid usually 
is somewhat lower, dependmg on the tune of contact with acetic acid The 
viscosity relative to 0 9 per cent sodium chloride at 37° of a 0 3 per cent solution 
of the sodium salt usually is approximately 4, and vanes ivith the source From 
vitreous humor by fractionation with (NH «)^04 at a pH of about 9 0, fractions 
of widely vaiymg viscosities were obtained This is probably due to enzymatic 
depolymenzation m vivo The acid is poly-disperse m other sources as well, 
as pomted out by Blix and Snellman (4), who measured viscosities and streammg 
double refraction of flow The latter was positive for both hyaluronate and 
chondroitm sulfate of cartilage The particle length of different preparations 
of hyaluronate vaned between 4800A° and 10,000A° with the higher values 
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m preparations of umbilical cord The corresponding molecular weights were 
estimated to be m the orjJer of 200,000 to £00,000 \nth the assumption of an un 
branched cham and n length of lOA” of the banc disacchande umt The raolec 
ular weights, occordmg to the authors, should be regarded aa minimal i aluea. 

X my mcaaurements of sodium hyaluronate gave only diffuse patterns m 
powder and fibre diagrams. 

Tlie viscosity of isolated hyaluronate ia much smaller than that of the fluids 
from which it is obtained Whether this is due to oxidative breakdown, as 
suggested by some authors (83), or to another process of disaggregation or 
depolymensation cannot be decided with certnmty In the native state 
hyaluronate forms gels of varying rigidity For example a cyst formed by an 
undiagnosed mahgnant tumor of the bone had the consistency of a 4 per cent 
agar solution The cyst content was hquefled rapidly by mcubation with tes- 
ticular hyaluronidase Samples of human synovial fluid exhibit viscosities 
rangmg from very low values to high viscosities which are outside the range of 
our idscosimetera. The dilution curve of the tumor fluids showed a sharp 
drop m viscosity with dilution (66) and the same has been shown by Ragan (72) 
for normal human jomt fluid Obviously the viscosity m these fluids is of a 
non Newtonian type On the other hand, isolated hyaluronate has all the 
charaotenstica of a highly asymmetrical molecule Aqueous solutions have 
high viBoosity, they possess bi rcfnngonce of flow, and can be qiun into threads 
of considerable tensite strength. 

The difference between the viscosity of the native fluid and that of isolated 
hyaluronate may be due to complex formation mth accompanying protem, 
but there is no experimental proof for this The mobihty of isolated hyaluronate 
m the Tisehus apparatus at pH 7 8 nus identical with that of the fast component 
in tumor and synovial fluids (65, 3) No fraction with a mobility mtermediato 
between protom and polj'sacchande was observed Furthermore, on incubation 
of the native fluids with hyaluromdase, the viscosities drop rapidly to the values 
for the proteins present It is concluded from these experiments that 
hyaluronate exists m these fluids m varying degree of polymeniation and ag 
gregation, the latter being due to weak secondary bonds either between the 
polvaacchando molecules themselves or between protom and polysaccharide 
The weak bonds are broken by tho processes mvolved in tbe isolation 

The chemical structure of hyaluronic acid is unknown Equimolar quantities 
of hexosamine, acetyl and uronic acid have been found by analysis Gluco- 
samme has been isolated (as the crystallme hydrochlonde) m yields up to 96 
per cent of the colonmotncally d“tcrmined amount Tho presence of glucuromc 
acid was established by oxidation of hyaluromo acid by HNOj and isolation of 
saccharic acid as the crystallme acid potassium salt From an eniymatlc digest 
of synovial hyaluronate with pneumococcus hyaluromdase, glucuromc acid 
has been isolated as thiosemicarbarone (Oil) Hyaluromc aoid, m contrast 
to chondroitm sulfate, probably contains httle or no branched chains This 
is mdicatcd by the almost quantitative hydrolysis by some hyaluronidase 
preparations. It can be deduced from enxymatio data (see later) that tho 



338 


KAEL JtEYER 


baac umt is a disacchande ivith a free aldehyde group present m the acetyl- 
glucosamine moiety 

The occurrence of ester Imkages m the hyaluronate chams has been recently 
suggested (4), on the basis o{ the alkah sensitivity of the polysacchande In 
4-5 days m absence of O 2 at 20“ about one imlhequivalent of acid ivas produced 
for about every 4 disacchande umts Apparently the reaction came to about 
the same endpomt inth different samples of the polysacchande and with varying 
alkali concentrations About 10 per cent of the weight of the polysacchande 
dialyaed through a cellophane membrane and the rest was clearly not of uniform 
size The analysis for sodium m the neutral native material did not support 
the presence of ester Imkages Sensitivity to alkali with production of acidic 
groups w7th fission of the chams is common to many other polysacchandes, 
for example cellulose, though the mechanism is not clearly imderstood 

Hyaluronate on mjection mto animals is not antigenic Attempts to confer 
antigemcity to hyaluronate have been unsuccessful (29) 

II Hyaluronidase a Occurrence The enzyme hydrolyzing hyaluronic 
acid, hyaluromdase, was first found m autolysates of a rough type II pneu- 
mococcus (58) Its occurrence was shown further m other types of pneumocccci 
both smooth and rough, m strams of hemolytic streptococci of groups A and C, 
and m some anaerobes (62) Its occurrence in the animal body m extracts of 
spleen and of cihary body and ms, has been reported (62) 

The very wide distnbution of hyaluromdase, however, w^as foimd after Cham 
and Duthie (8) discovered that the hyaluromdase activity of testicular extracts 
paralleled the activit}’’ of the "spreadmg factor”, reported earher by Duran- 
Reynals (27) and by Me Clean (46) Hyaluromdase activity, as measured by 
the hydrolysis or depolymenzation of hyaluromc acid and hyaluronate-con- 
tammg fluids, was then demonstrated m virulent and avirulent strams of type I 
pneumococcus (57), m a group C hemolytic streptococcus and m rabbit skm 
(ibid), m the venoms of many poisonous snakes, like copperhead, Black Hger 
(9), rattlesnake (15), m bee venom (9),m Staph aiueus. Cl Welchu, (9), and 
others 

B Deiermination of Hyaluromdase For the determmation of hyaluromdase 
biological, chemical and physico-chemical methods have been used 

1 Btologtcal methods The spreadmg reaction has been reviewed by Duran- 
Reynals (12) and need be mentioned here only bnefly India mk probably is 
the best mdicator, smee with it the area of spreadmg is more circumscnbed 
than wnth diffusible dyes The most convement dye is the blue dye T1824, 
smee it IS non-toxic and available m stenhzed isotomc solution An improved 
quantitative method for the estimation of the spreadmg reaction has been 
published by Humphrey (28) who mjected the spreadmg agent mtracutaneously 
mto groups of 6 gumea pigs The ammals w'ere killed 20 mmutes after in- 
jection, the skm was removed immediately and the size of the bleb measured 
at the mner surface of the skm The mmimal diffusion dose is the least amount 
of enzyme which will produce a 20 per cent mcrease of the mean area over the 
mean area of the controls 
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The apreading reaction cannot be considered as an accurate asaaj of 
hyaluronidase Some imspccifio agents give spreading reactions Further 
more, the correlation between spreading reaetion and phvraco-cheinical methods 
of hynluromdase cstunation is poor (Sec Inter ) The mfluence of pressure 
on the assay of hyaluromdase by the spreadmg reaction has been stressed m 
a recent article (23A) Most mveshgators however have in the past used a 
constant and small volume of 0 1 or 0 2 cc Control injections wth identical 
volumes have probably been used bj all InvestigntorB. Humphrej has ompha 
sired the importance of the rate of the mitial reaction by using a reaction time 
of only 20 minutes 

The decapsulation of mucoid hemolytic streptococci of groups A and C has 
been compared with hyaluronidase aotivity estimated by other methods (47) 
However, these organisms lose their capsules under various conditions without 
added eniyme It is not known whether or not this is due to hjaluromdase 
produced by the same cultures (see later) The decapsulation of streptococci 
can hardly be considered as a convenient method for hyaluromdase estimation 
2 Phynea-chmucal methods Three methods will bo discussed o, the mucin 
clot preiantion test (abbreviated MCJ), b, the nscositj reduomg method, 
and c, the turbidlmetnc method 

0 , This method is based on the observation that natne hyaluromc acid m 
acid solution oopreoipitates with protein m a typical fibrous “mucm” clot 
After mcubation with hyaluromdase the quantity of the clot is reduced and the 
character of the proapitate changes from a fibrous to a floceuleut precipitate, 
until finally the solutions romam clear The teat was apparently firet used 
by Robertson, Ropes and Bauer (70) and has been modified by McCilean and 
hiB collaborators (62) 

The teat is simple and suited for sorial determinations and is probably the 
most sensitive test for low concentrations of hyniluromdase However, it is 
positive only with crude hyaluronate, the mechanism of its action is not clear 
and it has a very poor correlation with other tests. The M C T test is carried 
out m the native fluid or the isolated and redissolv ed protem salt Pure hyaluron 
ate precipitates protem m acid solution m flocculent form (The difference 
between nativo and Isolated hjaluronatc has been discussed on p 337) 
The error of the M CJ* tost has been estimated (48) as ±26 per cent Tlie 
author found no correlation between M C P units and viscosity reduemg 
umts, nor a constant trend with the potency or the source of the ensymo Sum 
larly in another paper from the same laboratory (77) the ratios of M C P over 
viscosity reducing units with different micrcrorganisms v sned between 1 20 to 
1 162 The reason for the discrepancy between the two tests cannot bo entirelj 
the existence of different hyaluromdascs m different sources (see later) 

b The neeosity reducing method Advantages of this method are its accuracy 
and Its simple kmotics It has the disadvantage of bemg cumbersome and not 
easdy earned out in serinl experiments. The first sj'stemntic use of this method 
was published bj Madinaveitia and Quiboll (41) with a crude extract of acetone 
precipitated ntreous humor as substrate The time required to reach half 



340 


KARL METER 


Viscosity was found to be inversely proportional to the concentration of enzyme 
Details as to substrate and sodium chlonde concentrations, pH and temperature 
vaiy somewhat in different laboratones The procedure used m this mstitute is 
as follows 5 cc of a 0 3 per cent solution of pure sodium hyaluronate m 0 1 mol 
acetate buffer of pH 6 0 contaimng 0 15 mol sodium chlonde are vanned to 37° 
for about 5 minutes One cc of enzyme dissolved m the above buffer mixture is 
added, and 5 cc of the muxture are immediately transferred to an Ostwald 
viscosimeter m a constant temperature bath of 37 0° The viscosities are de- 
termmed repeatedly, until less than half viscosity of the mixture is reached 
One umt is defined as the amount of enzyme required to reach half viscosity m 
30 minutes The viscosity of the substrate mixture m the control is about 4 0 
relative to the solvent The viscosity of the substrate remams constant for at 
least 2 weeks at 4° without preservative 
c The turhidiTTieinc method This method, descnbed first by Ifass and Sea- 
stone (34), IS based on the obsen^ation that pure hyaluronate at pH 4 2 gives a 
fauly stable colloidal suspension with dilute serum, whereas depolymenzed hy- 
aluronate remams clear The method is reproducible to about 10 per cent, 
reqmres httle substrate and is readily apphed m large senes In a modification 
developed m this laboratory (21) the time of mcubation is kept constant, m the 
ongmal procedure the time is vaned, the enzione concentration bemg constant 
In this modification the reaction is earned out m the presence of sodium chlonde 
Ddution of the enzyme m 1 cc volumes of 0 1 M acetate buffer of pH 6 0 is 
warmed to 37° for 5 mmutes To each tube 1 cc of the substrate is added, con- 
tainmg 4 mgm per cc of sodium hyaluronate m M/10 acetate of pH 6 0 and 0 3 
mol sodium chlonde The mixtures are meubated for 30 mmutes at 37°, im- 
mersed m a 60° water bath for 10 mmutes to mactivate the enzyme, and 1 cc 
ahquots are pipetted mto test tubes contammg 3 0 cc of 0 5 M acetate of pH 
4 2 and 1 cc of acidified horse serum and mixed The serum solution is pre- 
pared by 10 fold ddution of the stenle normal horse serum (contammg no preserv- 
ative) with 0 5 mol acetate buffer of pH 4 2 and acidifymg to pH 3 1 with 4 N 
hydrochlonc acid The turbidities are read after 30 mmutes at room tempera- 
ture m a Coleman spectrophotometer usmg a wavelength of 580 mg One umt 
is defined as the amount of enzsnne which reduces the turbidity given by 0 2 mgm, 
of hyaluronate to that given by 0 1 mgm The values are read from a standard 
curve The latter has been checked with 10 different preparations of hyaluronate 
from different sources All pomts fall on the same S shaped curve In the region 
between 0 05 and 0 15 mgm the curve is almost a straight hne 
The ratio of the units deterrmned viscosimetncally to those detemimed tur- 
bidimetncally vuth 4 different hyaluromdase preparations varied only from 1 2 to 
14 In this comparison the conditions of the two tests were identical with the 
exception of the substrate concentration 
3 Chemical methods Chemically hyaluromdase activity has been detenmned 
by measurmg the mcrease m reduemg sugar, or by the mcrease m hberated acetyl- 
glucosamme In both methods pure hyaluronate of known hexosamme and 
uromc acid content should be used The mam disadvantage of the reducto- 
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metnc method is its compbcated kmetics, obviouslj the resultant of the action of 
different cnsymes, which simultnneously split glucosidic linkages (see later) Jn 
this laboratory the method has been used cxtonmiclj m the identification of 
hyaluronate from different sources. Either the Hagcdom-Jonscn or the eenc 
sulfate method in the modification of Miller and Van Slyke was used and the 
results calculated ns per cent of total reducing sugar expressed as equivalents of 
glueose The substrate eoncentration usually was 0 6 per eent 

The mcrease m ncotylhexosamme (68) has been used b} some investigators 
(9) usmg synthetic acet} Iglucosamme as standard It was pomted out that this 
method with the pneumococcal hyaluromdnse mdicated freeing of acetj Ihcxosa 
mme m e.xccss of 0 times of the total weight of polysaccharide present (67) A 
sunilar result a as reported by Hahn for testicular and Cl perf rmgens hyaluroni 
dase (10) Whether the measured rate of the color reaction of the enxymatic 
hydrolysis over that of synthetic N acetylglucosamme is due to a structural 
difference m the acetylglucosamme or duo to the hnkage to the uronic acid m the 
hj drolysis product has not been decided 

In a recent paper Humphrej (31) confiirmed the discrepancy between reducing 
and ncotylhexosamme values on hydrolysia of hyaluronate with eniymes of bull 
testis, Cl Welohu and two strains of streptococci The excess of the acetj 1 
hexoaamme varied with different ensyme preparations and was not as high ns 
found m this laboratory with pneumococcal ensyme Ho further reported that 
the oniyimo hjdrolyaates gave a direct colour m acid solution mth Ehrlich’s 
reagent without preliminary treatment with alkali, which is necessary to form 
an oxasolme derivative from acetylglucosamme The author discusses whether 
oxaiohno nngs are preformed m the hyaluronate molecule The alternative 
that cnsymatically formed acotylglucosamino is labile and easilj condenses to 
a hetorooychc compoimd seems more probable The hydrolj sis of chondroitm 
suKate bj testicular ensyme showed no excess of acetj Ihoxosamlne over the 
reduemg values (32) 

The method obviously cannot be used for the determination of hyaluromdaso 
activnty 

C The AUchantsm of Hyahtronaie Degradatxon by Hyahavnxdates The dual 
nature of the two glucosidic hnknges m hyaluromc acid, one bclongmg to the 
N acetj Iglucosamme, the other to the glucurome acid moietj , suggests that the 
depolymonsation and the hydrolj sis mto monosaccharides require two eniymes 
A comparison of hyaluronidnscs of different ongln, measured v iscosimetncally 
and reductometncally, indicatod that hjaluronidascs were mixtures of at least 
two eniymes, one attacking the long chnm molecules, the other hj drolysmg the 
aldobiomo acid units formed (57) Tins conclusion was based on the observ ation 
that pneumococcal hyaluronidase hydrolysed the substrate almost to 100 per 
cent of the theoretical amount whereas testicular hjiiluronidnse, w hicli showed a 
much faster rate m the vnscosunctnc tests than the bactenal eniyme, hj drolj ted 
the substrate to onlj approximately 60 per cent The testicular cnijmc on 
prolonged hydrolysis exceeded the 60 per cent reduction, but the total reduction 
was considerably short of 100 per cent The addition of pneumococcal 
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hyaluiomdase to the non-hydrolysed residue brought about complete hydrolysis, 
while addition of fresh testicular enzyme had a neghgible effect 
A still greater discrepancy between reductometnc and \uscosunetnc activity 
was found ivith leech enzyme (60) One preparation as a flavianate reached a 
maximum hydrolysis, measured reductometncally of 40 per cent of the theoiy 
Yet the same enzyme preparatioii turbidimetncally assayed 330 umts, that is, 
it was equal to the best testicular preparations we prepared This preparation 
showed an mterestmg difference from other hyaluromdases m the turbidity test, 
bemg uninfluenced by the absence of sodium chloride Hahn (19) workmg inth 
a punfied enzyme prepared from aqueous extracts of the heads of leeches reported 
a maximal hydrolysis of only 26 per cent of the theory Other preparations of 
leech enzyme m this laboratory analysed reductometncally as high as 70 per 
cent of the theory It seems quite obYuous that m punfication one activity is 
mcreased at the cost of the other Another difference between two hyalurom- 
dases, one from bull testes, the other from streptococci, has been reported by 
Rogers (78) This author mvestigated the stimulation of hyaluronidase pro- 
duction by streptococci on addition of hyaluronate to a simphfied culture me- 
dium If m stead of hyaluronate a digest of hyaluronate obtamed with 
streptococcal hyaluromdase, was added to the culture medium, no stimulation 
of hyaluromdase production took place If, however, a digest of hyaluronate 
obtamed with testicular hyaluromdase was added, the stimulation of hyalurom- 
dase production was almost as great as with native hyaluronate Furthermore, 
the diffusible fraction of the lattei hydrolysate w^as mactive, w'hile the activity 
remamed m the non-diffusible fraction (unfortimately the hyaluronate m these 
expenments w^as rather impure) Recently, similar observations were reported 
on the hyaluromdase production of Cl Welchii (79) 

Other eindence for the existence of several enzjnnes was brought forw'ard by 
Hahn (20) who claims to have separated two enzymes from testicular extracts 
One enzyme, called mucopolysacchandase (abbre^'lated M P ) hydrolyses to the 
aldobionic acid stage, the other muco-ohgosacchandase, (abbreviated MO) 
hydrolyses the disacchande to monosacchandes Smce the M P liberates 
acetylglucosamme durmg hydrolysis, the free aldehyde group must belong to the 
hexosamme moiety, therefore the M O was called a glucuronidase The two 
enzymes w^ere fractionated by (NBU)jS 04 and lead acetate, the M 0 activity 
precipitatmg m the first fractions M P activity w'as measured by a viscosi- 
metnc method, and M 0 activity by a reductometnc method The substrate 
of the latter was hyaluronate pre^^ously digested for 4 days with M P followed 
bj'' dialysis, the concentrated non-diffusible residue being the substrate There 
was no hnear relation between the percentage of hydrolysis and the enzyme con- 
centration The total reducmg values must have been qmte small, smce the 
substrate concentration w as very low , only 0 5 mgm glucose equi\ alent per cc , 
and a turnover of only 10 per cent w^as measured 

To this reviewer it seems highly desirable to test the presence of the M O wnth 
a weU defined substrate One would expect the disacchande formed by the 4 day 
hydrolysis to be diffusible There also remains the question of whether the M 0 
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can or cannot attack the glucuronidic linliage in the native hyaluronate. The 
hjdrolTBia of the hnkage in the native chain presumably would also cause a 
decrease m viscosity, while the end groups mth the two enrymes ought to be 
different 

One distinct enzyme, (9 acetylglucosammidase, preeent m crude testicular 
and m crotalus hyaluronidaso, as well ns m sources showing no hvaluromdase 
activity, does not seem to be mvohed m hj aluronidase activity (13) This en 
zyme was found by Helfench and Doff (24) m emulsin of sweet almonds. The 
substrate used w os d-phenylocety Iglucoaamme The enzyme was separated from 
testicular hynluronidase with (NHOiSOt, lead acetate or CuSOt or adsorption 
on knohn Hahn (20) likewise has reported good evidence for the separation of 
hynluronidase from /J^glucosamimdase activity 

In summarj , hyaluromdases of different ongm undoubtedly contam different 
enzymes, but their number and mode of action are not fully known 

I) Influence of Emnromnental Paciors on HyalimmidaK Activity 1 Effect 
of pH The effect of pH on the rate of hyaluromdase activity vanes with the 
source of the enzyme, the salt concentration and the test method In the re- 
ductomotrlc procedure testicular hyaluronidaso has a double optimum, one at 
about pH 4.6, the other at about pH 6 7 which has been mtorpreted as another 
indication for the presence of two distmct enzymes (67) The pH optimum of 
pneumococcus and Cl 17610101 hyaluromdase was found m the reductometnc 
procedure at 6.8 (62) By a viscosunetnc method, McClean (48) found n marked 
dependency on the salt concentration of the activity at different pH levels In 
M/00 buffer the optimum of testicular hyaluromdase was at pH 6.8, while m 
M/G buffer, the optimum shifted to pH 6 0 A sunilar behaviour was found with 
Cl Welchu enzyme Moreover, at the pH optimum the activity of the enzyme 
was much greater m the more ddute buffer The marked difference found 
may have been partly duo to differences m chloride ion concentrations (eeo later), 
especially with hyaluronate of urabihcal cord With the turbidimetnc method, 
the pH optimum of testicular hyahironidase in M/10 acetate m presence of 
0 16 M sodium chloride was found to be 0 0 (21) 

2 Effect of soils Robertson et oi (70) reported that dialj zed Cl perfnngens 
hyaluromdase had no effect on a dialyzed "synoi ml mucm " Addition of phos- 
phate or other salts in mcreasmg concentmtions (up to 0 1 M) remlted m m 
creasmg activity Madinav eitia and Quibell (42) reported a marked inlhience 
of salts, cspcciallj sodium chlonde on the nctii ity of testicular hyaluromdaso, 
08 detenmned vnscosiraetncally The optimum was between 0 07 and 0 17 mol 
sodium chlondo 

In this laboratory the mflucnco of salts, especially sodium chlondo, was found 
to bo much more marked with the turbidimetnc and nsoosimctnc methods than 
wnth the reductometnc The same behaviour hod been shown with Ij sozyme 
and its substrate (59) The mfluonce of sodium chlondo on the rate of de- 
polymenzation depended further on the source of the substrate This is illus- 
trated m the following table m which the same cnzvmo preparation, lughlv pun 
fled testicular hj aluronidase, has been tested 
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It can be seen fcom this table that the apparent activity of a sample varied 
from 100 to 167 units per mgm The wide vanation m apparent activity m the 
absence of NaCl should be noted By the quantitative turbidimetnc test the 
different hyaluronates precipitated an equal amount of serum protom Analy- 
tically, they wer6 identical ivithm the limits of the errors of the methods Quan- 
titative determmations m 100 mgm of the tumor preparations after ashmg with 
HNOj showed only a trace of chloride The chloride effect and the differences 
between the hyaluronate preparations seem to be due to the presence of competi- 
tive mhibitors, as described m the next chapter It is evident from these expen- 
ments that the punty and ongm of the substrates greatly influence the titres of 
enzyme preparations 

3 Inhibitors of hyaluronidases McClean (47) reported the inhibitory action 
of heparm and chondroitm sulfate on the m vitro decapsulation of streptococci 
by testicular hyaluromdase Three-tenths per cent of the pure NH4 salt of 
heparm suppressed the decapsulation of an enzyme concentration equivalent to 
one viscosity reducmg umt From 0 001 to 0 01 per cent of the NHi salt further 
mhibited the action of one umt of hyaluromdase on 0 1 per cent hyaluronate 
Hyaluronate partly depolymenzed by precipitation with acetic acid likewise 


TABLE 1 


SOURCE OF HVAIURONATE 

noN&Cl uuns/uoii 

0 IS M N»Q, TOTTS/UOU 

Umbilical cord ! 

5 

100 

Tumor 

67 

167 

Synovial fluid 

67 

100 

Strep C 

25 

125 


inhibited the decapsulation, while hyaluronate depolymenzed enzymatically 
was without inhibitory effect Gastnc mucm also inhibited the decapsulation, 
but Shiga-Kruse polysacchande and a blood group A hapten had no effect It 
should be noted that all mhibitors are or contam acid polysacchandes, the two 
neutral polysacchandes tested were without action 

In this laboratory the inhi biting activity of heparm on the hydrolysis of 
hyaluronate was tested and results are shoivn m table 2 Hepann desulfurated 
Avith oxalic acid-banum oxalate had no effect The mhibition ivith chondroitm 
sulfate was considerably less than ivith heparm, the ratio between the two being 
approximately 1 100 

The mhibitory action of normal human and rabbit serum on pneumococci, 
Cl Welchu and streptococcus hyaluromdase seems to have been reported first 
by this laboratory (26) The reductometncally determmed activity of the first 
two was inhibited 26 to 60 per cent by normal sera, while with streptococcus 
hyaluromdase the mhibition was smaller McClean (47) reported the mhibition 
of gumea pig, rabbit, sheep, horse, mouse and human serum on hyaluromdase 
prepared from bull, rabbit and mouse testes, from streptococcus. Cl Welchu, 
and from viper and scorpion venom The mhibitoiy activity of the sera from 
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different species against any one cnsyme Bho\red considerable variation The 
inhibitory action of the sera 'n-as associated with the pseudoglobuhn fraction 
MoCIoan suggested that the inhibition was due to some polysacohande fraction 
of the Berum. 

Meyer et al (02) found the hydrolysis of free hyaluronate twice as fast as that 
of an equimolar concentration of a protein salt of the acid, prepared from synovial 
Buid, In experiments of Kass and Seastone (34) the reduction of the turbidity 
of a preformed horse serum polyaaccbande precipitate required 10 tunes the 
eniyme concentration than that of the polysaccharide alone More recently 
Leonard and Kunrok (30) reported that normal sera inhibit the liberation of 
tubal ova by testicular hj^aluromdase (see later) 

The inhibitory action of serum on hyaluromdase of animal and bacterial 
ongm recently was the object of three papers (18) A. complete diBCUsfflon of all 
the experimental evidence presented and the conclusions drawn from them seems 


TABLE 2 




% IMitCXiTATrOM 

llynluronidaee + Hyaluronic acid 

8S 


HyaJuromdoM + Hyalaroqlo odd + NaOl 
UyaluronldMo + Hyiliiroixio sad + 0 040 mgm 

200 


heponn 

nyalurooidoM + Ilyalurouio acid + 0B40 mgm 

3 

1 ^ 

heparin + haCl 

Hyalaroaldts© + Hyaluronic acid + 0 004 rngm 

200 

0 

heparin 

Hyaiuronidaw + Hyaluronic add + 0 0004 mgm 

12 


heparin 

Hyaluronldaae + Hyaluronic add + 0 00004 mgro 

40 

£2 

heparin 

8S 

0 


impoasiblo in this renew and does not seem warranted The mvasive agent, 
hyaluromdase, is counteracted by ensymes of the sera of different species, rangmg 
from man to carp, which were said to destroy hyaluromdase Crude bacterial 
and some ammnl hyaluronidases m turn contain other m^aflive ensymes, which 
counteract the defensive ent^Tnes of the sera, which in turn are again counter- 
acted by another serum ensyme and so forth 
T^xpenmen tally, hj^aluronidas” was incubated wiUi serum ma salt bufformixture 
and the solution mixed witli a verj impure hj*nluronate of umbilical cord m 
the presence of pliospliat'* Tlie hyaluromdase activity was measured viscosi 
metncallj Phosphate was found bj Haas to inhibit the action of scrum on 
hjTiIuromdasc while other salts, especially borate, promote it The enxymatio 
nature of the inhibiting agent, in scrum was concluded from the temperature 
sensitivity, the dependence on pH and the inactivation by heating This evi- 
dence npjiears mconclumvo The activity of sera among comparable data m 
different tables is \ orj variable The rate of loactiv ation w as repKirted to depend 
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considerably on the quahty of the polysaccharide (18, p 78) (A sample of hy- 
aluronate prepared accordmg to Haasm this laboratory contamed 16 per cent of 
sodium hyaluronate and over 50 per cent morgamc matenal ) Furthermore, 
the inhibition by hu m an sera depends not only on concentration but hkeivise on 
punty of the hyaluromdase (21) That is, the protem impurities present in 
hyaluromdase hkewnse react wnth the serum The mactivation by sera is not 
only prevented by phosphate, but at least m part reversed on further mcubation 
The mhibitory action of serum furthermore is so dependent on the miheu that 
it seems \ery difficult to draw conclusions from e\penments m which the complex 
systems are further comphcated by addmg crude bactenal filtrates or snake 
venoms To this reviewer the data presented do not seem essentially different 
from the mhibition by heparm and other substances, except that the inhibitors 
m serum are more thermolabile The great dependency on milieu conditions 
IS mterpreted by this renewer as bemg due to competitive reactions between 
various protem s among themselves and for the acid substrate That hyalurom- 
dase can be active m the presence of serum protems is shown not onlj' by its 
spreadmg reaction m the skm, but its action m pathological human jomt fluid 
and other fluids and its m nvo activity on sedimentation rate of blood when 
mjected mtravenously 

4 Antisera to hyalurontdases The inhibition of the spreadmg reaction by 
specific antiseia has been discussed by Duran -Reynals (12) Various papers 
published since then support the prenous conclusions that antisera to hyalurom- 
dases suppress the m vivo and m ntro activities of hyaluromdases, but that 
the}’' are stnctly specific for the source of the enzyme Thus McClean (48) 
finds no crossmg over mth antisera agamst Cl Welchu to Cl septicum Strep- 
tococcal enzymes were found to be group, but not type specific An antiserum 
agamst crude bovme testicular hyaluromdase neutrahzed bo-vme, but not mouse 
testis hyaluromdase Highly purified testicular hyaluromdase, hcftevei, has 
never been obtamed m antigemc form (49) 

E Bactenal Hyaluromdases Increase in hyaluromdase production by the 
addition of hyaluronate to the medium was first reported by McClean and Hale 
(49) for Cl Welchii The stimulatmg effect of added hyaluronate was studied 
sj’stematically by Rogers (77, 78) In groups A and C hemolytic streptococci 
and in two strams of Cl Welchu enzyme production vas proportional to the 
concentration of hyaluronate added and rose from a titre of 1 50 M C P units 
to as high as 1 100000 umts, when the pH was mamtamed at neutrahty by 8 5 
per cent sodium glycerophosphate One of two strams of staph aureus produced 
a titre of 1 3200 umts, which was not mcreased by' hyaluronate, the other had 
a low titre ■snth or ■without added hyalurona'te The titre was not raised either 
m a stram of Cl septicum (77, 78) In staph aureus the hyaluromdase pro- 
duction Mas raised by addition of a papam digest of peptone to the medium, 
while m Cl septicum it could be mcreased by some specially prepared peptone 
(79) 

A systematic study of hyaluromdase production m relation 'to serological 
groups and types, to capsule formation and to the sources of the strams m hemoly- 
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tio streptococci nas published bj Cronloy (11) A total of 376 Btrains were 
tested, 308 of w hich belonged to group A. Of the latter, 64 strams, all belonging 
to types 4 and 22, showed hyaluronidoso acthdtj So\ enty two and 96 per cent 
respectiv ely of all types 4 or 22 e-cammed wore hj nluronidttso producers The 
titles vanod from 60 to 1000 MOP units/cc Thirty 6\ e out of 65 group C 
strums and all of 13 exanuned of group G strams of a variety of types showed 
byaluromdase activity All hj aluronidaso positive strains were non-capsulated, 
but many of non^a^psulated strams were byaluromdase negative Little cor- 
relation was found between byaluromdase production and virulence Of strep- 
tococcus strams isolated from 127 cases of scarlet fever, 27 6 per cent of 136 
oases of sore throat, 36^ per cent showed byaluromdase activity Of the latter 
half of the strains belonged to groups C and G Twentj and four tenths per cent 
of byaluromdase positive strams wore isolated from wounds, bums or impetigo 
contagiosa and 23 per cent from healthy throats Of 6 cases of puerperal fever, 
3 were byaluromdase producers, among them a group C strum isolated from the 
blood of a fatal case However, m another case where the organism was isolated 
from the blood stream, it was capsulated and negative for byaluromdase In 
some oases highly contatdous stmins were isolated from contacts in different 
mdividuals The organisms were capsulated and none produced hyaluromdase 
The author concludes that there was no evidence for correlation of byaluromdase 
production of streptococci with anj particular type of infectJon, nor with viru 
lence of streptococci for man 

Hyaluromdase production of streptococci ns reported by Crowley merits 
some disoussioni especially m regard to negative findmgs in non-encapsulated 
strains. It was reported from this laboratorj (67) that streptococcal hjaluron 
idase, present In the medium as well as m punhed preparations, showed a 
rapidly dlmimshmg activity as compared to pneumococcal hyaluromdase. 
Furthermore, the same strams of both group A and C orgamsms vanod greatly 
m hyaluromdase production from completely negative to high conceatrations, 
althou^ grown under apparently identical conditions In animals the culture 
medium and pun6ed samples gave a pronounced spreadmg reaction regardless 
of the in vitro titre of hyaduronidase activity It was suggested that the enij me 
may be inactivated, the Inactivation being reversible m vnv o, while no rev er- 
sibility could bo demonstrated m vitro Hale (22) confirmed the anomalous 
behaviour of streptococoal hyaluronidase m the viscosimetno tests but only 
when earned out at pH 4 6 Furthermore, exposure of the ensj-mes of groups 
A and C streptococci to pH 4.0 before mixmg with the substrate resulted ra 
complete inactivation of the emymo At neutrality the eniyme showed a normal 
fall In vnscosity proportional to the enryme concentration In our experiments 
the substrate was the sterile pleura fluid of a patient with mesenthellonm The 
reaction was earned out at a pH of about 7 0 The reductometno tests wore 
earned out at pH 6 8 with pure hj’aluromc acid as the substrate Inactiv ation 
of the oniymes was apparent with both methods. ViTiethor or not the innctiva 
tion 18 ensymatio haa not been detennmed 

In view of these oxpenenccs with ntroptococci it ranj bo questioned whether 
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of coDsiderable interest, since compounds of the general composition of this acid 
occur beside hyaluronate, m mesodermal tissue, hke umbihcal cord (64) and skm 
(66) m concentrations about ecpial to that of hyaluronate The chondroitm 
sulfate of skm differed m rotation from that of cartilage (56) The two acids 
were found, m collaboration with Dr Z Dische, to differ further m then re- 
sistence to alkah and considerably m the time-mtensity curve of then reaction 
with carbazole Moreover, chon^oitm sulfate of skm, and to a lesser degree of 
umbihcal cord, m contrast to that of cartilage were resistant to hydrolysis with 
testicular hyaluromdase 

Is chondroitm sulfate of cartilage a substrate of hyaluromdase, or is it hy- 
drolysed by another en 2 yme copresent m the testicular preparations? The 
evidence pomts to the latter explanation Chondroitm sulfate is not attacked 
by pneumococcal or streptococcal or leech hyaluromdases While it might be 
argued that the bacterial enzymes are to a lesser degree true mucopolysacchan- 
dases, this cannot be claimed for the leech enzyme Furthermore, purified 
testicular hyaluromdase after precipitation by acetone lost most of its chondroitm 
sulfate hydrolysmg pover, while the hydrolysis of hyaluronate was hardly un- 
paired However, it seems remarkable that hyaluromdase activity towards 
hyaluronate runs practically parallel with the activity towards chondroitm 
sulfate, whether the fractionation is earned out mth metal salts or with adsorp- 
tion The enzjnne hydrolyses chondroitm sulfate with the production of a 
disacchande ivithout hydrolysmg the sulfate hnkage Humphrey m a recent 
paper (32) found no hydrolysis of chondroitm sulfate with streptococcal enzyme 
and a neghgible effect with an enzyme prepared from Cl Welchu Crude and 
a highly punfied testicular enzyme however at pH 4 8 and 6 0 hberated reducing 
sugars with chondroitm sulfate at a rate comparable to hyaluronate Some 
bactenal extracts have been reported to hydrolyse chondroitm sulfate by sphttmg 
off morgamc sulfate (69) 

III Hyaluronic acid and hyalukonidase in animal physiology and 
PATHOLOGY A Ocular Fluids Hyaluromc acid has been isolated from vitreous 
humor of cattle, swine, and sheep and from the aqueous humor of cattle Its 
concentration m the normal flmds has been determmed by analysis of the hexosa- 
mine content This procedure mvolves only a small error, smee the protem, 
bemg very low m these flmds, contnbutes very little to the total hexosamme 
The concentration of hyaluiomc acid found by isolation was m fair agreement 
with that calculated from the hexosamme values The polysacchande content of 
vitreous humor vanes considerably with the species, from a low of about 9 mgm 
per cent m the cat to a high of about 48 mgm per cent m cattle eyes, while the 
concentrations m aqueous humor shoved httle vanation (67) 

The ongm of the polysacchande in the ocular flmds is not known with cer- 
tainty While the permanent structures of the vitreous body seem to be of 
retmal ongm (44), the flmd part probably ongmates mainly m the ciliary epithel- 
ium which (m this country at least) is considered a secretory epithehum The 
presence of hyaluronate m the flmds and its absence from serum have been cited 

- ^ ’ ongm from a secretion rather than a dialysate (65) Hy- 

fhe antenor chamber of rabbits disappears rather 
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tic Btreptococci was pubUshed by Cronloy (11) A total of 376 stmlnB were 
tasted, 308 of which belonged to group A Of the latter, 64 strains, all belongmg 
to types 4 and 22, show ed hyaluronidase aotivit} Sei entj two and 96 per cent 
respectively of all types 4 or 22 examined were hyaluromdtfse producers The 
titles varied from 60 to 1000 M C P units/cc Thirty fi\ o out of 65 group C 
strams and all of 13 exammed of group G strains of a vanety of types showed 
hyaluromdase activity All hj aluromdasc positiie strains were non-capsulated, 
but many of non-capsulated strams were hyaluromdase negative Little cor- 
relation was found between hyaluromdase production and virulence Of strep- 
tococcus strums isolated from 127 cases of scarlet fo\er, 27 0 per cent, of 136 
cases of »ro throat, 36 8 per cent showed hyaluromdase activity Of the latter 
half of the strains belonged to groups C and G Twenty and four tenths per cent 
of hyaluromdase positive strams ivero isolated from wounds, burns or impetigo 
contagiosa and 23 per cent from healthy throats Of 6 cases of puerperal fever, 
3 were hyaluromdase producers, among them a group C stram isolated from the 
blood of a fatal case Howei er, m another case w here the orgamsm was isolated 
from the blood stream, it was oapsulatcd and negative for hyaluromdase In 
some cases highly contagious strains were isolated from contacts m different 
mdividuals. The organisms were capsulated and none produced hyaluromdase 
The author concludes that there was no endence for corielabon of hvaluromdase 
production of streptococci with onj particular type of infection, nor inth vuu 
lenco of streptococci for man 

Hyaluromdase production of streptococci as reported by Crowley menU 
some discussion, especially m regard to negntiio findings m non-encapsulated 
strains. It was reported from this laboratory (67) that streptococcal hjaluron 
idase, present In the medium as well as m purified preparations, showed a 
rapidly diminishing activity as compared to pneumococcal hjaluromdase 
Furthermore, the same strams of both group A and C orgamsms varied greatly 
in hyaluronidase production from completely negative to high concentrations, 
although grown under apparently identical conditions. In animals the culture 
medium and purified samples gave a pronounced spreadmg reaction regardless 
of the m vitro titre of hyaluromdase activity It was suggested that the enaj me 
may bo inactivated, the inactivation being reversibie m vivo while no revcr 
sibihty could be demonstrated m vitro Hale (22) confirmed the anomalous 
behaviour of streptococcal hyaluromdase m the viscosimetnc tests but only 
when earned out at pH 4 6 Furthermore, exposure of the enijunes of groups 
A and C streptococci to pH 4 6 before mixmg with the substrate resulted m 
complete macbvation of the ensymo At neutmhty the cnsjTue showed a normal 
fall m viscosity proportional to the eniyme concentration In our e.xpenmenta 
the substrate was the steiilo pleura flmd of a patient with mesenthehoma. The 
reaction was earned out at a pH of about 7 0 The reductomolno tests were 
earned out at pH 6.8 with pure hyaluromc acid as the substrate Inacbiation 
of the oniymes was apparent with both methods. Whether or not the mactiva 
tion is eniymabo has not been determmed 

In view of these expenences with streptococci it may bo questioned whether 
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failure to demonstrate hyaluromdase is synonymous with absence of the enzyme 
A renewed study of hyaluromdase m streptococci seems mdicated, not only m 
regard to hyaluromdase production, but also m regard to spreadmg activity, 
which m our expenence is not confined to types 4 and 22 of group A orgamsms 

The correlation between capsule formation and hyaluromc acid production 
has been studied by Seastone (82) m a group C streptococcus The evidence 
there given for the r61e of the hyaluronate capsule m the virulence of the infectmg 
orgamsm has been corroborated by Hirst (25), who protected mice by the mtra- 
pentoneal mjection of leech extracts agamst fatal infection with a stram of group 
C streptococcus, while agamst a group A stram only feeble protection resulted 
Blundell (5) obtamed a greater mean survival time m mice infected with a group 
A organism, when treated with testicular hyaluromdase than without treatment 
McClean (47) reported failure to protect either agamst groups A or C organisms 
with testicular hyaluromdase Kass and Seastone (34) protected nuce agamst 
10 to 100 M L D of groups A and C orgamsms by repeated mjections of testicular 
hyaluromdase No protection resulted from mjection of mactivated hyalurom- 
dase The specificity for streptococcus was demonstrated by the failure to 
protect agamst the fatal infection with a type I pneumococcus The failure of 
other authors to obtam this effect was explamed by the time lag between mjec- 
tions of the enzyme, which allowed the orgamsms to regenerate then capsules 
Kass and Seastone further studied the m vitro effect of hyaluromdase on strep- 
tococci Phagocytosis of group A organisms by human leucocytes and the kilhng 
power of whole blood was greatly increased by mcubation of the organisms with 
hyaluromdase In controls wnth pneumococci no change resulted from mcuba- 
tion with hyaluromdase 

In pneumococci no correlation between the amount of hyaluromdase produced 
and the clmical virulence, or between enzyme production and the type of or- 
gamsm, was found (30) Type I organisms rarely produced the enzyme 

In staphylococcus aureus no correlation between enzyme production and viru- 
lence was reported by Boe (6) However, Schwabacher et al (81) found among 
664 coagulase positive strams of staphylococci 86 7 per cent producmg both 
a-lysm and hyaluromdase, 6 9 per cent hyaluromdase positive and a-lysm nega- 
tive, 4 4 per cent hyaluromdase negative and a-lysm positive and 2 per cent nega- 
tive for both None of the 160 coagulase negative strams produced either 
a-hemol 3 ^Hm or hyaluromdase The author concludes that chmcal virulence is 
associated fairly clearly mth a-hemolysm production and to some extent with 
hyaluromdase production What part hyaluromdase plays m determimng the 
virulence of a stram of Staphylococcus W'as not clear 

In a Welchu, McClean, Rogers and Wilhams (52) found 12 out of 32 strains 
produced hyaluromdase Of these 12 strams 11 produced toxm and 10 were 
derived from chmcal cases of gas gangrene In Cl septicum 20 out of 20 strams 
m vitro produced hyaluromdase Of these 4 were derived from chmcal cases 
of gas gangrene, 9 were stock laboratory strams and 7 were contaminants of 
"healthy” wounds Seven out of 15 strams of Cl oedematiens produced a low 
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titre of hyaluromdase Si\ of these were stook loboratorj stminB and one was 
denved from a toxemia m sheep McCIeon ot al (62) proposed fie detcnmna- 
tion of hyaluromdase and lecithinase for early diagnosis of gas gangrene m wound 
mfeotions Guinea pigs were infected intramuscularly with orgamsma of the gas 
gangrene group and the presence of the cniymes was determined in the muscle 
extracts and edema fluid With Cl Wolchu as infectiv e agent the muscle con 
tamed 2 M.C P umts 2 hours after infection With Cl scpticum the mfeotion 
developed more slowly than with Cl Welchu Edema flmd was not obtained 
before 12 hours after infection, when it as well as the muscle did contain 
hyaluromdase m low concentrations. With Cl oedomatiens the mfcctiou pro- 
ceeded still more slowly than with Cl septicum In some instances 12 hours 
after mfeotion hyaluromdase was detected m the edema fluid, but smce many 
strains did not produce hjaluromdase m vntro, this organism a ns tho least satis- 
factory from the pomt of view of detection of cnijmes m tho body llmds The 
authors further proposed to utihre specific antisera for the differential diagnosis 
of the mfectmg agents m combination with the ensyme determinations, as in 
posibve tests only the specific antisera mil inhibit the ensymo of the mfectmg 
agent (60) 

Clmically tho proposal of McClean ot nl was tested by MacLennan (39) m 
39 coses, among them 12 cases ot clmical gas gangrene, tho others from lanous 
infections or from non infected wounds Only m one case, infected with a strep 
tococcus pyogenes, was a podtive M C P tost obtmncd 

McClean and Rogers (61) ascribed the failure of MacLennan at least m part to 
the treatment of the clinical cases with antisera In gumca pigs the adminis- 
tration of ontiBora mhibitcd and eometimes suppressed the appearance of hy 
aluromdaso and lecithinase They further tested whether the size of the infect- 
ing dose explamed the difference between the animal experiments and clmical 
cases. A minima l mfectmg dose of organisms did not dimmish tho titro in tho 
mfected tissues of the gumea pig Thej further studied a combination of m 
fectmg agents Cl histolvticum, which produced no hyaluromdase, caused 
death m combmation with a streptococcus earlier than Cl histolyticum alone 
The stram of streptococcus used did not produce illness m the gumca pig cither 
m presence or m absence of added hvaluromdase A combmation of Cl histo- 
lyticum with tho streptococcus and added hyaluromdase caused death eion 
earlier than m tie previous expenmonts. 

MacLennan and associates (40) mamtamed m a later article that tho deter 
mination of hj-aluromdoso and locithinaso ivns unaatisfactoiy as a diagnostic 
procedure 

F Substrates of Hyaluronidase Tho difference m tho apparent actii ity ot 
testicular hj’aluromdoso on hyaluronato of different sources lias been discussed 
above Highly purified testicular hyaluromdase lias been stated to hjdroljio 
beside hymluronato only two other raucopolysacchandcs, one a monosiilfunc 
acid ester of hyaluronic acid obtamed from cornea (64), tho other tho cliondroilm 
sulfate of hyalme cartilage (67) (43) Tlio lijdrolysis of ohondroitin sulfate is 
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of considerable interest, since compounds of tbe general composition of this acid 
occur beside hyaluronate, m mesodermal tissue, like umbilical cord (64) and skin 
(56) m concentrations about equal to that of hyaluronate The chondroitm 
sulfate of skm differed m rotation from that of cartilage (56) The two acids 
were found, m collaboration ivith Dr Z Dische, to differ further in then- re- 
sistence to alkah and considerably m the tune-intensity curve of their reaction 
with carbazole Moreover, chondroitm sulfate of skm, and to a lesser degree of 
umbihcal cord, m contrast to that of cartilage were resistant to hydrolysis with 
testicular hyaluromdase 

Is chondroitm sulfate of cartilage a substrate of hyaluromdase, or is it hy- 
drolysed by another enzyme copresent m the testicular preparations? The 
eyidence pomts to the latter explanation Chondroitm sulfate is not attacked 
by pneumococcal or streptococcal or leech hyaluronidases While it might be 
argued that the bactenal enzymes are to a lesser degree true mucopolysacchan- 
dases, this cannot be claimed for the leech enzyme Furthermore, punfied 
testicular hyaluromdase after precipitation by acetone lost most of its chondroitm 
sulfate hydrolysmg power, while the hydrolysis of hyaluronate wns hardly im- 
paired However, it seems remarkable that hyaluromdase activity towards 
hyaluronate runs practically parallel with the activity towards chondroitm 
sulfate, whether the fractionation is earned out with metal salts or ivith adsorp- 
tion The enzyme hydrolyses chondroitm sulfate ivith the production of a 
disacchande without hydrolysmg the sulfate hnkage Humphrey m a recent 
paper (32) found no hydrolysis of chondroitm sulfate with streptococcal enzyme 
and a negligible effect with an enzyme prepared from Cl Welchii Crude and 
a highly punfied testicular enzyme however at pH 4 8 and 6 0 hberated reduemg 
sugars with chondroitm sulfate at a rate comparable to hyaluronate Some 
bactenal extracts have been reported to hydrolyse chondroitm sulfate by sphttmg 
off morganic sulfate (69) 

in Hyaluronic acid and hyaluronidase in animal physiology and 
PATHOLOGY A Ocular Fluids Hyaluronic acid has been isolated from vitreous 
humor of cattle, swme, and sheep and from the aqueous humor of cattle Its 
concentration m the normal flmds has been determmed by analysis of the hexosa- 
mme content This procedure mvolves onlj’^ a small error, smee the protein, 
bemg very low m these flmds, contnbutes very little to the total hexosamme 
The concentration of hyaluiomc acid found by isolation was in fair agreement 
with that calculated from the hexosamme values The polysacchande content of 
vitreous humor vanes considerably ivith the species, from a low of about 9 mgm 
per cent m the cat to a high of about 48 mgm per cent m cattle eyes, while the 
concentrations m aqueous humor showed httle vanation (67) 

The ongm of the polysacchande m the ocular flmds is not known with cer- 
tamty "While the permanent structures of the vitreous body seem to be of 
retmal ongm (44), the flmd part probably onginates mamly m the cfliary epithel- 
ium which (m this countiy at least) is considered a secretory epithehum The 
presence of h 5 nluronate m the flmds and its absence from serum have been cited 
as evidence for its ongm from a secretion rather than a dialysate (65) Hy- 
aluronate on mjection into the antenor chamber of rabbits disappears rather 
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rapidly After paracenteais of the anterior chamber the acid reappears (as 
judged by analyaiB of the hexosamme) after the return of the protem content to 
normal It was concluded that the aoid was constantly produced and removed, 
presumablj after eniymatio hydrolysiB. Hyaluromdase has been reported m 
extracts of the ciliary bodj and ins (07) though Chain and Duthie (0) demed its 
occurrence in these tissues and suggested bacterial contamination as a source of 
the oniyme The presence of hyaluronidase has been defuutely established m 
pooled aqueous humor obtained by aspiration of the eyes of freshly blled cattle 
The aqueous humor was Ij ophilieed and the residue dissolv ed m 1/10 of the ongi 
nal volume Four umts (turbidimetnc) of hyaluromdase were found per cc of 
the concentrate, corresponding to 0 36 umt per cc of the native fluid (21) It 
is of considerable mterest that the hyaluronate present m the sa m e sample was 
found to be almost completely depolymenied While the vitreous humor of 
the same 0 } es had a hyaluronate concentration (turbidimetnc) of 0 76 mgm per 
cc., the lyophilised aqueous humor showed only 0 0CO16 mgm per cc By 
hexosamine estimation the hyaluronate concentration of the vitreous humor 
ranged from 0.32 to 0 62 mgm per gram (the lower figures are probably ex- 
plained by the difference m specific gravity and evaporation of water) In 
aqueous humor the hyaluronate concentration was about 0 03 mgm per gram, 
a value in fair agreement with the concentration found by isolation of an impute 
fraction (0 046 mgm per gram) Smce the concentration by the turbidimetnc 
method amounted only to 0 0016 mgm per cc., wa may conclude that the hyaluro- 
nate in aqueous humor is depolymented to about 95 per cent of the total As 
this depolymeruation presumably occurred in vivo, we assume that hsmiuronate 
IS after oniymatic depolymenratlon constantly remm-ed through the normal 
exit charmols of the eye 

What part hyaluronate plays m the physiology and pathology of vitreous 
humor is unknown It probably takes part m the main tenance of the turgor 
of the vitreous body The effect of mtravitreal mjections of punfied testicular 
hyaluronidase in rabbits is being studied by Dr L von Sallmann Injections 
of about 100 turbidimetnc umts appear to hquefy the vitreous humor m vivo 
The cause of simple glaucoma may well be explamcd by inhibition of hj alurom 
dase in the eye 

B SymmalFlmd Bauer etal (1) have reviewed the physiology of synovial 
fluid The view expressed m theu- paper that Bjmovial flmd contams a glyco- 
protein instead of a dissociated mucopolysacchnnde seems no longer tenable 
(see p 337) Furthermore, the concept of the ongn of synovial fluid as a 
dmlysato to which the "muem’ is added by the passage of the fluid through the 
connective tissue does not seem probable If such a mechanism existed then 
pleura and pentoncal fluid and lymph should likewise contam the “mucm” 
which IS not demonstrably the case From the appearance of a viscous fluid m 
tissue culture of ajmevTal tissue (86) it may be concluded that hyaluronate is a 
secretory product of some cells of the synovnal hnmg This seems to bo borne 
out b} the isolation of hj aluronic acid from a synovnomn, not onlj at the onginal 
site of the tumor, but m motastascs m the liver (60) 

The concentration of hyaluronic acid m normal human sjTiovTnl flmd has not 
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been determined by isolation (see below) In cattle synovial fluid obtained by 
aspiration of astragalo-tibial jomts the concentration by isolation was found be- 
tween 20 to 26 mgm per cent (66) From knees of patients with rheumatoid 
arthritis the acid was isolated m 3 different samples m concentrations of 60, 
132 and 206 mgm per cent However, it may be questioned whether cattle 
S3Tiovial fluid as collected, is normal and comparable to. the flmd m human jomts 
Its viscosity IS low compared to that of normal human fluid taken at autopsy 
or from hvmg patients with no pathology of the jomts (72) By extrapolation 
of the dilution curve of human synovial flmd the relative viscosity of the latter 
was estimated as greater than 180, whereas that of the cattle flmd was less than 
10 The volume of the flmd of cattle taken immediately ^ter slaughter is qmte 
large, sometimes over 60 cc It seems possible that due to long standmg and 
trauma of the animals before kilhng the cattle flmd is actually a mixture of syno- 
vial and edema flmd 

The hyaluromc acid and protem contents and the viscosities of about 30 path- 
ological flmds have been detemuned (74) The viscosity was variable and never 
higher than that of normal knee j omts The protem content was over 3 per cent, 
that of normal human and cattle flmd below 3 per cent The viscosity practically 
was all due to hyaluronate, smce on mcubation with enzyme the relative viscosity 
fell to shghtly above 1 0, correspondmg to the viscosity of the remainmg protem 
solution (66) 

By the turbidimetnc method the hyaluromc acid content vaned from 80 to 
270 mgm per cent No direct proportionahty between viscosity and hyal- 
uronate concentration was foimd In normal human and m cattle ssmovial 
flmd the hyaluromc acid concentration could not be detemuned turbidunetncally 
by the above method In contrast to the pathological flmds the normal flmds 
m the turbidunetnc procedure are precipitated as a coherent fibrous clot while 
the pathological flmds with few exceptions precipitated m the form of a stable 
turbidity, as do vitreous humor and the tumor flmds On mcubation of the 
normal flmds with 0 01 umt of enzyme, far too httle to decrease the apparent 
hyaluronate concentration, the clot formation of the normal flmds is prevented 
and hyaluromc acid can be detemuned turbidunetncally The amount found 
vaned between 80 and 160 mgm per cent as compared to 80 to 270 mgm per 
cent m pathological flmds That is, both the concentration and especially the 
total amoimt of the flmd m pathological jomts is larger than that found m normal 
jomts Hyaluromdase m contrast to normal ocular flmd could not be demon- 
strated m synovial flmd, although the absence of fibre formation may suggest 
its presence m low concentrations m pathological jomt flmds 

C Hyaluromc Acid in Tissues The presence of hyaluronate m tissues when 
isolation IS not possible, can be made probable enzymatically by the use of a 
vanety of bactenal and animal enzymes Judgmg from the failure of isolation 
expenments and the absence of any effect on capillary permeabihty by punfied 
hyaluromdase, hyaluromc acid is not present m capillary cement The presence 
of hyaluromc acid m all connective tissues has not been established Positive 
spreadmg reactions m stomach and mtestmal walls, m the uterus, m stnated 
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muflde, faEciae and tendons with crude testicular extracts have been reported 
(12, 14) It remains to be detenmned whether the sproading is due to depoly 
mermtion of hyaluronato or chondroitm sulfate In calves’ tendon the poly 
sacchande la a sulfate ester and is hydrolysed by testicular hyaluromdaso at a 
fast rate (60) Only in skin and m umbilical cord do larger quantibcs of hyaluro- 
nato occur It seems remarkable that m both tissues chondroitm sulfate is 
present m a concentration roughly equal to that of hyaluronate Both sub- 
stances have to bo regarded as constituting essential components of the mtor 
fibrillar ground or cement substances m these tissues It seems of great 
importance to gam more information about the nature of such cement substances 
especially for the understandmg of the mechanism of diseases of the mesenchymal 
timi pa as well as of wound healing and the problem of agemg 

Beside hyaluronate and chondroitm sulfate the mucopolysacohande isolated 
from amyloid tissue may likewise bo such a cement substance This substance 
18 a monosulfuno add ester, containmg acctylhexosamme and a uronic acid in 
eqmmolar proportion The heiosamme has been isolated and charactenied 
as d-glucosamme (60) The behaviour of the mucopolysacchande towards 
hyaluronidases shows that it is not derived from hyaluromc acid From its 
enxymatio behaviour and its reaobons with nlkah and with carbaiole it appears 
to be dosely related to hepann It may well be possible that this substance 
accumulates m exceasivo amounts m certam pathological condibons, while m 
small concenlmtions it may be a normal component of some mesenchymal tissues. 

Histologically the presence of hyaluromc acid has not been demonstrated, 
smee no staining method was known Hale (23) recently proposed a histo- 
choimcal tost for hyaluromc acid. After a specific fixabon of the bssue, shoes 
are treated with iron hydroxide The iron oombmes with the acid polysao- 
ohandes. The bound iron is stamed as Pmasian blue For the diffetenbabon 
between hyaluronate and other polysaccharides meubobon of the tissue shces 
with streptococcal hyaluromdaso is recommended, smee this enzyme does not 
attack chondroitm ouKato No experimental results with this method have 
been reported. 

Highly polymerized hyaluronato m a concentrabon of about 1 per cent shows 
m smears typical metachromatio staming with tohudine blue, while lower 
concentrabons failed to show the effect The metechromasia is prevented on 
meubabon with hyaluromdase (unpublished expenments) The concentrabons 
present m tissues are probably never high mough to contribute to the mota 
chromatic stainmg Therefore, the metaohromasia of tissues, done under 
appropriate conditions, probably does indicate sulfate containmg compounds 
(37) m connective tissue probably largely chondroitln sulfate The viscous 
material demonstrated by Bensloy (2) in regenerating and young tissue and by 
Maximaw (46) m tissue culture, possibly mdicatcs hyaluronate The r61e of 
calcium and ascorbic acid m the cement substances of plants and animals has 
been discussed by Keid (74A) 

Robb Smith (76) has studied hlstologwally in vitro the effect of testicular 
and streptococcal extracts on the muscle of gumea pigs. Reticuhn or collagen 
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were reported not to be affected, but the reticulm membranes became separated 
from the muscle fibres The author suggests that there may be a layer of 
mucopolysaccharide between the reticulm membrane and the sarcolemma 
The changes were absent m heated extracts and were prevented by streptococcus 
antisera when streptococcal hyaluronidase was employed 
A tentative picture of the development of cement substances m mesodermal 
tissue combinmg the admittedly scanty data may be presented as follows 
The young fibroblast secretes mto the surroundmg tissue spaces hyaluronic acid, 
a precursor of coUagen, and a chondroitm sulfate By local acidification m 
the immediate neighborhood of the cells the first fibres are produced by the 
pol 3 ’’sacchandes from the native soluble collagen, which denature mto the 
msoluble fibre, on the surface of which lies a sheet of the polysaccharides With 
agemg of the fibres, the polysaccharide layer becomes thinner and the hyaluronate 
IS replaced more and more by chondroitm sulfate Only m metabohcally veiy 
active connective tissue hke that of skm, hyaluromc acid production contmues 
m appreciable quantities The rdle of ascorbic acid (87) m the process of fibre 
formation may be that it actually is a component of chondroitm sulfate, replacmg 
m the cham some of the glucuronic acid molecules 
D Hyaluromc Acid and Erythrocyte Sedimentation Rate Hyaluronic acid 
m common with other asymmetneal molecules mcreases the erythoc 3 rte sedi- 
mentation rate m vitro or after mtravenous mjections (61) It was further 
observed m this laboratory that purified testicular hyaluronidase decreased 
m vitro the sedimentation rate of blood of patients, especially m rheumatic 
fever This action was first thought to be due to the hyaluronidase contamed 
m the enzyme preparations However, it became apparent that hyaluronidase 
activity as detennmed by chenucal or physico-chemical methods was not pro- 
portional to the action on sedimentation rate This became still more obvious 
when it was found that enzyme preparations fractionated by lead acetate no 
longer acted on sedimentation rate, when lead was removed by NasS mstead 
of dialysis, while the hyaluromdase activity was not altered In further expen- 
ments by Dr C Ragan (unpublished) the mechanism of the action on erythro- 
cytes was found to be due to spherocyte formation, caused by an enzymatic 
action of unknown nature on the erythrocyte membrane 

The effect of hyaluronate on erythrocytes seems comparable to the precipi- 
tation of large particles, such as hemocyanme, hver particles and a number of 
viruses by some colloids of high molecular weight (10) The precipitation 
occurs at neutrality and apparently is not due to polar forces Depolymenzed 
hyaluronate had no effect It seems remarkable that hyaluronate of high 
polymerization had a much larger effect quantitatively than either chondroitm 
sulfate or heparm (see fig 1 of Cohen and personal commumcation) The 
mechanism of this action does not seem clear, but may be connected with complex 
coacervation (7) and obviously deserves further study 

E Hyaluronidase in the Animal Body The r61e of testicular hyaluromdase 
m testis probably is confined to the dispersion of the cumulus cells m the process 
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of fertilixation (53) (80) (16A) Apparcntl) onl> mature spcrmatotoa contain 
a high concentration of the eniymc Testes of birds, amphibia and reptiles 
contain little (12) The mucus of the conical plug is not acted upon 
by hyaluronidase (63) (80) The hyaluronldase of human semen has been m 
vestigated bj several workers (32A) (36A) (8GA) Kurrrok et ah by a modified 
M C P test found a cnbcol value for hyaluronidase of 60 million sperm per cc 
Hjahironidase activity did not run parallel to sperm population Some ap- 
parently normal semen was found to be deficient in hvahironidase, concomitant 
with mabUity to cause fertilitation Mixmg of semen and testicular h} nluroni 
dase or apphoataon of hyaluronidase in powder form to the cervix uas said to 
have mcreased considerablj the number of successful fcrtdisations, 

ISo conclusive data arc available for the occurrence of hj aluronidaso in blood 
Intravenously mjected enzyme is rapidly eliminated from the circulation 

The demonstration of hyaluronidase m aqueous humor has already been 
mentioncfL 

A rolativoly large concentration of hyaluronidase occurs in skm (67) In 
press juico of ground rabbit skm very little activnty can bo demonstrated, but 
when the material is autolysed m presence of toluol m phosphate buffer of 
pH 6 0, a relatively large concentration is found m the supernatant solution 
Cham and I>uthio (9) were unable to find any h> aluronidase m akin Howev er, 
the authors likewTsc faded to obtain a spreadmg reaction with skm extracts, 
m contrast to Duran Reynala’ (12) and our expenmen te. The higher concen 
tration m outolysod material may bo due either to the liberation of cnr>Tnc 
bound to coll structures or conversion of mactlve mto active material The 
latter h>T:othfisis seems more likely Of mterest m this connection is the obser 
vation of Duran Reynals that washed glandular tissues of poisonous snakes 
are almost free of h} aluronidaso, whereas it appears with the glandular se- 
cretion 

The concentration of potential h>ahironidase m skin may be still hi^icr than 
that found, since durmg autoljsis considerable destruction of added cnzjme 
occurs. 

The occurrenoo of hyohiromo acid and h> aluronidase m skm ma> point to 
a rather rapid turnover of the former This tumov'cr ma> be regulated bv 
certam hormones. Luna and Zappasodi (38) found a significant increase 
m the sprcadmg effect in rabbits treated with lutemizmg hormone Other 
workers (84) have found a decreased reaction under the influence of follicular 
hormone The edema fluid of the sex skin of raonkcj'B in the estrus phase 
has been reported to be sirailar to sinovial fluid (9) The turgcscenco of the 
sex skm of the baboon dunng the menstrual cycles was studied by Clarke (9A) 
A considemblo part of the water uptake of the skin was apparent^ bound v\ater 
smeo no free edema fluid could bo demonstmted The dcturgeacencc at the 
end of the estrus ejelo supplied the animal with fluid for 11 daja. Wo may 
assume that this fluid was bound by hyaluronic acid 

Localized hyaluronidase action has been suggested as a possible explanation 
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for the bullae formation in pemphigus (38A) However, after intradermal 
injection of hyaluromdase into normal people and mto patients suffering from a 
vanety of rheumatic diseases, bullae were never observed 

F Clinical Application The use of hyaluromdase in artificial insemination 
has been mentioned above 

On mjection of punfied testicular hyaluromdase into the knee jomts of patients 
suffermg from rheumatoid arthritis the viscosity of the fluid was remarkably 
reduced No change was observed m the underljung disease One week after 
the injection, the viscosity of the flmd had returned to the ongmal level (73) 

In one patient havmg a mesenthehoma of the pleura and pentoneum punfied 
testicular hyaluromdase of bull or ram was injected mtrapentonedly to facihtate 
removal of a fluid of honey-hke consistency (85) Without hyaluromdase 
mjection, evacuation of the flmd was difficult and mcomplete After injection 
of 16,000 to 80,000 umts of h 3 ’^aluromdase, flmd of low viscosity could be com- 
pletely removed m a short time No immediate harmful effects of the mjections 
were apparent Injections and paracentesis were repeated at various mtervals 
The tumor finally did not seem to produce as much fluid as ongmally On 
autopsy large tumor masses were found m pentoneum and pleura -with httle 
fluid mostly encapsulated 

A connection between hyaluromc acid and hyaluromdase and rheumatic 
diseases, especially rheumatic fever, has probably been suspected by many 
workers In a number of articles Guerra (16) recently reported the inhibitmg 
effect of sodium salicylate on the spreadmg of India ink, m rabbits mjected 
with crude testicular hyaluromdase The area of spreadmg without hyalurom- 
dase was reduced by 20 per cent ivith 0 07 and by 31 per cent with 0 10 gram 
per kgm of sodium sahcylate With hyaluromdase mjection the area 
of spreading was reduced 57 per cent with 0 07 gram per kgm and 66 per cent inth 
0 1 gram per kgm of sodium sahcjdate Sulfadiazme did not decrease the spread- 
ing effect of hyaluromdase 

In human subjects mtradermal injection of the enzyme vuth the dye T1824 
was said (17) to cause, m mdividuals nuth active or mactive rheumatic fever, 
unique reactions mth enormous diffusion of the dye and local edema that 
sometimes mvolved the entire arm Sahcylate mhibited the spreadmg reaction 
in those cases The type of reaction v as also observ ed m one male with exan- 
thematic typhus 

In this laboratory sahcylate m vitro m equivalent or higher concentration 
has been found to be without effect on the depolymenzation or hydrolysis 
of hyaluronate However the marked depressmg action on skm diffusion 
m rabbits has been confirmed (J A Coss, personal communication) The expla- 
nation of this effect as well as the beneficial action of sahcylate on some rheu- 
matic manifestations may be foimd m an mhibition of hyaluronate production 
of mesenchymal cells 


CONCIiUSIONS 

It is obvious from this review that the relationship between bacterial infection 
and the hyaluromdase system has contmued to receive more of the attention 
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of investigators tlian has the luotaboUsm o h al ru i acid a. d its rdle in 
ommol phjnology and patholo^ trom the sat data available, it seems 
obvious that the functions of the skin, o the Ov i Inr uids, o* s i ovial fluid 
and of the connective tissues m gentral must dcp<.i d i part on the quantitj and 
degree of aggregation of hyaluror k a( id. Geb om td b> the acid stne partly 
as the cement ■which holds cells toiothei In other structures as m the joint 
they protect mtcmal surfaces, or the> are part ol the i isc ous bomers as m some 
connective tissues which regulate the exchange ol mttabohtes and water Ihus 
the physiological aspects of hjoluronio acid as wdl as of other mesodermal 
cement substances seem to be of even greater importance than their r6le in 
infection 
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PATHOGENETIC FACTORS AND PATHOLOGICAL CONSEQUENCES 
OF DECOMPRESSION SICI^NESS 

H R CATCHPOLE* and ISIDORE GERSH* 

Naval Medical Research Institute, Belhesda, Md , and Department of Anatomy, The Johns 

Hopinns t/nivcrsity, Baltimore, Md 

For almost fifty years no comprehensive review of the pathological conse- 
quences of decompression sickness has appeared The reviews of Paul Bert 
(1878) and of Heller, Mager and von Schrdtter (1900) defined the etiology of the 
disease and formulated the mam aspects of its pathological results The views 
of these authors have remamed essentially unchallenged But smee that time a 
great clarification of the physical factors mvolved m aeroembohsm has come 
about and a need has arisen to mtegrate more recent work m pathology with the 
older hterature, with the objective of remterpretmg both m terms of these 
physical factors 

In dealmg with this hterature, key references have been preferred to exhaustive 
quotation Dehberate limitations m subject matter have caused the exclusion 
from discussion of changes referable to the air-contaimng cavities, where air 
expansion per se gives nse to the pathological effect (pam, rupture, hemorrhage) , 
thus removed from consideration are aero-otitis media, smus pam, pam and 
other effects ansmg from trapped gases m the mtestmal tract, and, as possibly 
connected with the same phenomenon, pam associated with the teeth (86, 
114, 129) 

Some of these factors as pertaming to aviation have been dealt with by Arm- 
strong (1) Also excluded are considerations of pathological physiological 
changes, e g , m renal, cardiac and metabohe functions, m the gastro-mtestmal 
tract, m the composition of the blood, m blood vessels and m the general phe- 
nomenon of shock Effects due to anesthesia have been omitted, but a section 
on drugs and exercise is mcluded Effects directly referable to acute and chrome 
anoxia have also been omitted In so domg, an effort has been made to separate 
the results of low oxygen on the body os a whole from those traceable to aeroem- 
bolism 

This review falls mto two sections In the first, physical and mathematical 
considerations governing the uptake and elimination of gases by the bodj'" and 
by mdividual tissues are discussed, and the conditions are defined for the relative 
susceptibihty of a given site to bubble formation In the second section, the 
gross and microscopical pathology of organs and tissues foUowmg decompression 
are related to these factors While the effects of pressure and those of altitude 
are usually considered separately, the three categories of caisson disease, decom- 
pression sickness of divers, and aeroembohsm of aviators, are regarded as basically 
similar entities, m which pathological differences are, or wiU prove to be, ade- 
quately explamed by reference to the phj'^sical factors mvolved 

1 Present address Department of Pathology, Umver8it\ of Illinois, College of Medicine, 
Chicago, ni 
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PATHOQENBno EACTORS IN DEcoliPBESsiON SICKNESS Physical Cormdera 
Uons ilaihemabcal pnnciptes The phenomona accompanying gas bubble 
evohihon In the bodies of aninmla subjected to decompression have led recently 
to a revival of mterest m the purely physical mechanisms mvolved in the separa- 
tion of a gaseous phase from a saturated or supersaturated solnbon of a gas 
This topic had already been explored m the eighteen sei enties (tor early lltera 
ture, see 38, 72) The conditions for stabihty of n bubble of gas immersed m a 
hqmd saturated with gas at 1 atmosphere have been defined (38, 72, 102) by the 
relation 

P B -P 2ff/r 

■where P “ pressure m the bubble m excess of atmospheno, B = the hydrostatic 
pressure at the bubble level, a ■= surface tension of the hqmd, r “ radius of the 
bubble 

As the radius r of the bubble diminishes, the second term of the above expres- 
sion gets larger, and when r approaches the dunensioiis of a water molecule, the 
excess pressure due to the surface tension of the hqmd is counted m thousands of 
atmospheres (38) There exists, m fact, a lower onlical value for r (that is, a 
miniiniim bubble siie) below which this excess pressure will hteially squeeie the 
gas back mto solution (72, 102, 128) Above the minimum sue, however, the 
bubble ■will grow by diffusion as long as the tension of dissolved gas m its vinmty 
is greater than the gas tension m the bubble For a free bubble to anse dc nemo 
it IS necessary that this minimal sire bo achieved by sufficient molecules simul 
taneoualy attaining enough energy to overcome the forces of attraction between 
them This was considered to be ■withm the reahns of statistical probabihty by 
Piccard (128) However, other theoretical treatments and expenmentol work 
reported by Dean (38) and Harvey (72) lead to the condusion that bubbles do not 
tend to form m hqmds spontaneously unless high negative pressures or consider 
able degrees of superheat are apphed 

Gas masses existmg m cracks or ottached to irregular surfaces, on the other 
band, have very different conditions for stabihty depending on the geometry of 
the surface, the shape of the gas-liquid-sohd junction, contact angles, surface 
tension and A P (see below) which hairo been worked out for certain Qtuationa 
(72) Such gas masses may be stable at or below a critical sue, but they grow 
indefinitely by diffurion above this cntical sue, an important property is that 
their gas content may be mcreased gradually by successive boostings Goa 
nuclei are defined (72) as small mvitoble masses of gas usually, but not always, 
attached to a surface, -which grow by mward diffusion of gas from the surroundmg 
liquids. These enlarged masses may eventually become detached as free bubbles, 
or bubbles may become detached leavmg behmd a nucleus for the growth of other 
bubbles The ongm of these gas coUeefaons is obscure. The condition that they 
normally bo attached to a surface, or contamed in a crack, ansea from the insta 
blhty of small free bubbles noted above. Gas monolayers are beheved not to 
promote bubble formation, but the poeabUity that multilayers of gas may act ns 
nuclei has been suggested (38) Hydrophobic surfaces hold gases very tena 
dously (72) but there is no evidence that tissue surfaces possess such propertieB 
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Gas nuclei may be produced m surface cracks or acute angled cavities by statisti- 
cal fluctuations of gas molecules (72, cf also 128) 

Harvey (71, 72) has introduced a useful expression to define the tendency, 
A P, of a gas to leave a hquid phase 

AP = t - P 

where t = gas tension in the hquid, P = hydrostatic pressure (this may be posi- 
tive or negative m sign, the latter condition obtains when a pull is exerted on a 
hqmd) Bubbles may form de novo when a very high negative pressure is pro- 
duced m a hqmd (when P is negative, AP mcreases) Actmg m the vicimty of a 
gas nucleus, local negative pressures will favor the diffusion of gases mto the 
nucleus Such “cavitation” of a hqmd may arise through pressure pulses, sound 
waves, Bemoulh effects (motion of hqmds through constricted tubes), turbulent 
motion and through stretchmg Increase of i will produce the same effect by 
providmg a ncher population of gas molecules for diffusion Dean (38) attn- 
buted most cases of bubble formation m hqmds m motion to vortices produced 
by turbulent flow However, the streamlmmg of the vascular flow nuhtates 
against this view as apphed to bubble formation m animals (72) 

Models of systems contaimng gas nuclei were studied by Pease et al (126) 
Capnc acid (M P 31‘’C) cooled to the pomt of crystaUization provided foci for 
cavitation m aqueous solutions, and the process was reversed on wanmng, i e , 
gas nuclei were apparently created and destroyed by these procedures The same 
authors found that stearate monolayers on glass promoted cavitation, alcohols, 
ammo acids and protems abolished this effect Removal of gas nuclei from 
hqmds was early descnbed by Tomlinson (cited by Dean, 38), and smce that time 
bubble nuclei have been vanously removed by boihng or partial evacuation of 
water, followed by standmg (38), by centnfugahzmg, filtenng, boihng or subjec- 
tmg to 1000 atmospheres pressure (72) , and by pressme, evacuation or chemical 
agents (126) The remarkable properties of hqmds freed from gas nuclei m 
resistmg superheat and negative pressures have been frequently descnbed (72, 97, 
98) Harvey et al (73) distinguished between macronuclei, removable from 
water by centnfugahzation, and micronuclei, removable only by high pressures 
(1090 atmospheres) Freshly drawn blood is completely free of macro- and 
nucronuclei, such nuclei are neither present m the blqod plasma, nor attached to 
formed elements or to any other constituent of the blood It must therefore be 
assumed that they are attached to the hmngs of blood vessels, and that bubbles 
formed at the sites of the nuclei are released mto the cuculation (72) 

Factors m the growth of gas nuclei in the body If the concept of AP = t — P 
be adopted as a measure of the bubble foimmg tendency, and the presence of gas 
nuclei m the body be accepted, a number of conditions favormg, or tendmg to 
prevent, bubble formation become mtelhgible Local production of COj m- 
creases t and therefore mcreases AP, and so conduces to bubble appearance (69, 
110), muscular activity, besides mcreasmg the CO 2 tension locally gives rise to 
mechamcal tensions and to consequent decrease m P , for both reasons it favors 
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bubble formation (28, 08, 110, 177) Tifisuo manipulation of almost any kmd 
(stretohmg, cuttmg, crudung) leads to the same result (73) Bone fractures arc 
a potent site of bubble formation (17, 70), since they lead to sharp momentary 
falls m the value of P Bubbles form more readily m veins (low P) than in 
artenes (high P) (72, 177) Among factors delaymg or proventmg bubble for 
matron in cats stimulated to muscular activity at alhtude were pre-stimulabon 
(109, 177), anoxia (109, 09), traumatisation of legs by skinnmg (109) , these treat- 
ments promote local hyperemia or hyperventilabon, and result generally in an 
mcreased value for P combmed with faster elimination of mtrogen Not bus 
ceptible of such simple analysis are the effects of vasoconstriction, which are 
eqmvocal, and of vasodilatation (ommophyllin), which are negative (137) It is 
evident that for the body as a whole, AP represents an aggregate of pressure 
differences of constantly varying magmtude m different sites The situation is 
summamed by Harvey (72) "at ground level AP is nearly rcro m tissues to 
negative in artenes On rapid ascent to high albtude it is at first posibve ev ory- 
where, but qmcUy becomes ncgabve m artenes (due to blood pressure and rapid 
equilibrabon with alveolar air), remainmg locally high m small vessels (due to 
COi and Ni of tissues) for a time, finally becommg sero to negabve except for 
regions of fat deposits or very poor circulation ” 

Ettabluhmeni of cnltcal pressttre differences Decompression establishes AP 
values necessary for bubbles to grow Boycott, Damant and Haldane (21) found 
expenmentally in goats and man that decompression from 2 3 atmoepheres to one 
atmosphere never produced symptoms On the basis of eqnnvalent gas volumes 
they argued that a drop of approximatelj one-half of the original gas pressure 
would be safe whatever its value (e^ , from 4 to 2 atmospheres, from 6 to 3 atmos- 
pheres, etc ) But as will be ecen m a succeeding seebon, this assumpbon is 
untenable, and Haldane himself (06) has stated that above six atmospheres it is 
no longer qmte safe to halve the mibal pressure. Behnko (6) proceeded on the 
basis that the difference between tissue gas pressure and the external pressure 
should at no time exceed 1.3 atmospheres (2.3 mmus 1 0 atmosphere) Ho then 
calculated decompression rates that would hold the external pressure at not more 
than 16 Ib/sq m below the greatest tissue pressure The views of both Haldane 
and Behnlre have been enbeaUy examined by de Burgh Daly and his associates 
(37, 43) Smaller animals appear to be able to tolerate greater pressure differ 
enbala, Guinea pigs survive decompression from 00 Ib/sq m (gauge) to atmos- 
pheric pressure (15 Ib/squn ), and bubbles are produced with dilBculty m rats 
and mice 

For the occurrence of aeroembolism in man there appears to be a onWeal alb 
tudo of 20,000 to 26,000 feet (0 46 to 0.37 atmosphere) os given by the Bntish 
authonbes (133), or perhaps somewlint higher Under extreme condibons of 
sbmulabon, bubbles appear m cats decompressed to 35,000 feet (0.23 atmos 
phore) In rabbits, bubbles can not usually bo produced at 40,000 feet (0 18 
atmosphere), at 46,000 feet they are formed under specified conditions (27) 
Bubbles scarcely appear m quiet frogs below 00,000 feet, althou^ vuolent raus 
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cular activity reduces the ceiling considerably (177) The smaller rodents agam 
are relatively refractory to bubble formation and rats at altitude, m a state of 
normal activity, do not yield bubbles at 60,000 feet (177) 

Eff ect of raie of decompression Since the tune of Paul Bert, it has been repeat- 
edly demonstrated that the seventy of decompression sickness is directly related 
to the rate of decompression Altitude studies by GnfBn et al (62) compared 
the effect of different rates of ascent (1000 and 5000 ft per mmute) and showed 
a markedly greater susceptibdity to bends after the faster ascents 
Systematic studies on rabbits decompressed to altitude showed a relation of 
rate of decompression to the incidence and seventy of bubble formation (table 1) 
(27) When decompressed to 45,000 feet m eight mmutes or less, mortahty was 
high, and survival time became progressively shorter as the time to altitude 
decreased At decompression tunes exceeding ten minutes to reach 45,000 feet, 
mortahty was low and bubble incidence minimal or zero 

TABLE 1 


Effect of rate of decompreation on the 50 per cent survival time, the percentage of deaths, and 
the symptoms of rabbits decompressed to 45,000 ft 


XATE OT DZCOUFREBSION 

1 

50 PEtt CEKT SURVIVAL 
TIME 

PERCEOTAOE OT DEATHS 

AVIRAOE BOBBIX 
mCIDENCE SCALE 0 (NO 

bobbies) to 5 (host 
mniEKOBS) (27) 

3-10 sec 

mitt \ 

12 

81 

— 

30 Bee to 1 min 

7 

92 


2 mm to 6 mm 

13 

66 


6 mm to 8 mm 

17 

80 


10 mm 

30 

15 

0 


Similar considerations appeared to control the death of animals receivmg mjec- 
tions of air at varymg rates mto penpheral vessels (140) 

Decompression from high pressures and lo aUitude The prmciple that decom- 
pression from five atmospheres to one is far more hazardous than from one 
atmosphere to one-fifth of an atmosphere was demonstrated in vitro by Piccard 
(128) Water saturated with air gave brisk effervescenceTn the former case, and 
slow, delayed evolution m the latter The total volume of gas available for re- 
lease was the same m both mstances The explanation (68, 128) hes m the 
greater weight of gas dissolved at the high pressure, and consequently the greater 
number of gas molecules available for diffusion mto gas nuclei (or for the forma- 
tion of aggregates of gas by collision) This detennmes the rapidity of bubble 
formation, when the pressure is suddenly released An in mvo coimterpart of 
this demonstration is shown by a companson of bubble frequency and distnbu- 
tion mgumea pigs decompressed from 105 Ib/sq m gauge pressure to atmoqihenc 
pressure, and m rabbits decompressed from ground level to 45,000 feet (61) 
Bubble formation was far more severe m the former case (table 2) although the 
relative pressure reduction was seven to one m both These results are entirely 
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rinulnr to those reported by de Burgh Daly ot ah (37, 43) who compared the 
results of decompressmg rabbits, gumea pigs and rats from 6^ to 1 0 atmosphere, 
and from 1 0 to 0 16 atmosphere It la clear that the reduction in pressure by 
one half employed by Boycott, Damant and Haldane (21) would actually become 
more haiardous aa the mitial pressure increased 
Composiium of gaa bubbles It was conclusively shown by Paul Bert (18) that 
mtrogen formed the major constituent of gas bubbles recovered from nnimalB 
after decompression from compressed air atmospheres The rflle played by COi 
m bubble formation has given nae to some speculation as to the composition of 
gas bubbles at the rate of formation Gaa diffusion constants for the common 
respiratory gases are apprcodmatcly equal, and the composition ot a bubble will 


TABLE 2 

Companton of the distribution of gas bubbles in rabbtts decompressed to a simulated altttuds of 
iSfiOOfestmtb pianea pigs decompressed from compressed atr at IDS lb per sq in (gauge) 



ana ruMcu 

tow mwi* 

ExtravasQular gfiB bubblei 



AdreiL&l 

Numerous 

None 

Nerrei 

NumerooB 

None 

Fat (intracellular) 

Numerous 

None 

Blood vefisels 



Arteriea and Telni 

Present 

Present 

CapDUrlee 

Present 

Fat only 

Spleen 



SinuAoida 

Present 

Present 

Arteriee and velni 

Present 

Present 

Branobea of polmonarj arieriefl 

Present In many 

; Preeent in few 

Liver 



Sinoaoids 

None 

None 

Central vein 

Few 

Few 

liver cellfl 

Watery vacuoles 

No watery vacuoles 

Intestine 

present 

Nomerous 

present 

Few 

Muwle 

NumerouB 

Few 


therefore be largely controlled by the amount of gases close to it (38) Carbon 
ditrdde is some 60 times more soluble in water than mtrogen In COj rich re- 
gions, such aa a contractmg muscle, this gas may condition the formation of the 
primary bubble and represent its prmoipal constituent, at least for a while 
Recent expenments (09, 110) support the rOle of COj as a facihtator m bubble 
formation When the bubble nch m COj is moved to a body region rich in mtro- 
gen and poor m COi, the latter gas w3l diffuse out and mtrogen m, to give bubbles 
essentially composed of nitrogen 

Oas Uptake and Elminalton Mathemabcal pnnaples Since the first demon- 
stration ot the importance ot nitrogen m ev enla Icadmg to decompression sickness, 
attempts have been made to analyse experimentally and desenbe theoretically 
the course ot gas uptake or elimination when the ambient pressure is raised or 
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lowered That gas uptake would present the characteristics of a loganthmic 
relationship was recognized by Zuntz (185) and by Heller, Mager and von 
Schrotter (80) Employing the findmgs of Vernon (168) on the high solubihty 
of mtrogen in fat, Boycott et al (21) also presented a logarithmic relationship, 
but mdicated a slower rate of saturation per round of circulation than the above 
authors They stated further that their computations gave a rough approxi- 
mation only to the actual rate of saturation for the body as a whole, due to vana- 
tions m blood flow to the several tissues and to differences in body composition 
Experimentally they found m goats a 94 per cent saturation m 3 hours From this 
they deduced a similar degree of saturation for man m 5 hours In computmg 
decompression tables for divers, they arbitrarily assumed the existence of tissues 
havmg half saturation tunes of 5, 10, 20, 40 and 75 minutes, while adimttmg the 
possibihty of tissues saturatmg at yet slower rates Campbell and HiU (23) 
showed that about one third of the gaseous mtrogen of the human body ivas re- 
moved m the first few minutes while breathmg 100 per cent oxygen, but some 
tissues were found to remam unsaturated after several hours’ excess pressure (24) 
Hawkins, Shilhng and Hansen (76) from a study of a large senes of expenmental 
dives modified the Bntish decompression tables They also adhered to the 
assumption of tissues havmg half saturation times of 5 to 75 nunutes De- 
compression times were radically reduced, especially for dives of short duration, 
m which the “slow” tissues would have become only partially saturated 

That saturation and desaturation curves should be reciprocal was mdicated 
by Boycott et al (21) and shown expenm^ntaUy by Shaw et al (146) The 
latter further showed that nitrogen absorption obeys Henry’s law A somewhat 
different concept was introduced by Behnke and his co-workers (5, 6, 7, 8, 12) 
Total mtrogen of the body was considered to be partitioned between aqueous 
and fatty phases, and the cuiwe of mtrogen ehmmation was represented as the 
sum of two exponential expressions govermng respectively the “water” mtrogen 
and the “fat” mtrogen There was satisfactory agreement between nitrogen 
ehmmation found for man, and that calculated from the equation 

Y = 382 (1 - e-^ 0 + 458 (1 - e-« 0 

(water) (fat) 

where Y = total elimination of N 2 , t = time m mmutes, e = base of natural log- 
arithms (12) 

Some question was expressed subsequently of the adequacy of the L values 
cited above Underwoood and Diaz (164) mjected radon mto the saphenous 
vem of the dog and studied its elimination through the lung at one mmute inter- 
vals for four mmutes Part of the gas in the body was shunted to regions of 
poor circulation and was not measured in the short time mterval allowed They 
found ^ values of 0 66 as compared with the much smaller values obtamed by 
Behnke (12), and beheved that them figure apphed to gas leavmg the blood 
whereas the Behnke values were for gas entermg the blood from tissues This 
findmg was held to resolve the difficulty encountered by Shaw et al (146) which 
led to their postulation of a peculiar state of mtrogen supersaturation tn vwo 
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Smith and Moralea (160, 161), Morales and Smith (117, 118, 119), Jones et al 
(90), and Form et al (48) have contrihuted further to the analysis of blood tissue 
gas exchanges and it becomes necessarj' to establish the general trend of such 
attempts to date It appears to bo imphcit m the work of Boycott et al (21) 
that the total body nitrogen reservoir may be represented ns the sum of 6 (or 
more) nrbitrarj “tissues” with halt saturation times of 6 to 76 mmutes Shaw 
et al (146) and Bchnke et al (12) also oonsidered that mtrogen ehnunation could 
bo represented empirically by one or more exponentinl equafaon of the form 

r A (1 - s -*0 

where Y -= amount of Nj eliminated m time t (minutes), A — amoimt of N, 
originally present, I “ constant of elimination, e ■= base of natural loganthms 
In actual practice two such functiona were used and referred to water and fat 
phases respectively Underwood and Diai (164) generahsed from the work of 
these latter authors to the form 

Q = X,Qo (1 - 

where Q = total amount of gas ehminated, 1 — time m mmutes, iQc — initial 
amount of gas present m the » state (i e , m Water, fat, etc ), h = elimination 
constant for the t state, e ■= base of natural loganthms 
Smith and Moralea (160) In developing an equation for the uptake of inert 
gas by tissue regions, e-g , the tissues of a limb, considered the following physical 
and physiological factors to be operative m gas exchange blood volume of the re- 
gion, dehvery rata of blood flow, dehveiy concentration of gas m the blood, tissue 
volume, gas solubihty in each tissue, area of the capillary bed, and tissue perme- 
abihty to the gas They denved an expression for tissue regions idenhcal in 
form with that of Underwood and Dias (164) but in which the vanous Q and k 
values were mvested with physiological meaning These quantities are not to 
bo conddered as oharactenstics of a specifio tissue component (water or fat, 
etc ), but are functions of all tissues of the region, and of the circulation They 
concluded (117) that the early, more rapid absorption stage is governed by the 
blood and by aqueous tissues in close relation to it, and the slower, later stages 
predominantly by fatty tissues, that these processes arc nevertheless simul 
taneous and conditioned by physical and physiological factors whoso importance 
varies from tissue to tissue and from region to region These factors may bo 
vaned, e g , by the substitution of one inert gas by another, by increasing blood 
flow to a region and by altering the degree of fatness By the method of de- 
riving the general equation employed by these authors, the effeets of altermg 
these variables are claimed to become predictable Further, these quantities 
may be measured mdependentlj of gas uptake, and subshtubon into the cqua 
tions developed gave agreements held to be close enou^ to justify the method 
of approach (117) Jones et al (90, cited 117) found curves for nitrogen de- 
saturation of the whole body to conform to the general equation They em 
phasiie in particular the rOle of the circulation, and believe that all their results 
are explainable on the basis of gas solubihty and blood tissue perfusion rates. 
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Gas solubilities The greater susceptibihty of fat individuals to decompres- 
sion sickness was noted by Boycott and Damant (20) who deplored the fact that 
increase in expenence and technical skill should so often be associated with the 
increasing waist that accompames the onset of middle life This susceptibihty 
was attributed to the greater solubihty of mtrogen m fat which becomes a gas 
reservoir mamtammg mtrogen pressure long enough for bubbles to form durmg 
the pressure drop of decompression From this tune, considerations of gas 
solubihty m body constituents have occupied an important r61e m the theory 
and practice of decompression sickness It is generally held that tissues, with 
the exception of fat, take up gases m proportion to their water content (23) 
Data on the solubihty of gases m plasma and body fat are mcomplete, but their 
solubihty m ivater and certam oils is better known Smce the effects of salts 
and protems (74, 76, 144, 167) and the differences m the nature of the hpids (168) 


TABLE 3 


SolubtltUes, Telattve solubilities and ratio of solubility in oil to solubility in water of respiratory 
and inert gases presented in order of ascending molecular weight and density Cited in 

part from ref 161 


OAS 

1 

UOL WT 

1 

irafSlTY 
Ant IX) 

SOLUBILITS 
IN WATEH j 

AT 37*C j 

1 

SXlATIVt 
fiOLUBIUTy 
IN WATKl 

He - 10 

SOLUBIUTT 
IN on. AT 
37*C. 

relative 

SOLVBtUTY 

m on. 

He *■10 

RATIO or 
SOLUBILITT 
IN on. TO 
SOLUS lIiITT 
IN WATER 


2 0 

1 

0 0696 

a/lOO et 

1 6 

1 

1 9 

ullOO cc 

4 6 

3 0 

2 8 

He 

4 0 

0 138 

0 86 i 

1 0 

1 6 

1 0 

1 7 

N, 

28 0 

0 963 

1 3 I 

1 6 

6 7 

4 6 

6 2 

0, 

32 0 

1 106 

2 4 

2 8 

12 

8 0 

6 0 

A 

39 9 

1 38 

2 6 

3 1 

14 

9 6 

6 4 

COi 

44 0 

1 629 

66 0 

66 0 

87 6 

68 0 

1 6 

Kr 

83 7 

2 868 

4 6 

6 3 

43 

29 

9 0 

Xe 

131 3 

4 626 

8 6 

10 0 

170 

110 

20 0 

Rn 

222 

7 526 

15 

17 5 

1900 

1300 

126 0 


on gas solubihty are relatively small, the values for water and oil may be used 
as first approximations for plasma and fat (12, 23, 168) Oil and water solu- 
bdities of H 2 , Oj, COj, Ni and of the mert gases He, Ne, A, Kr, Xe, En have been 
recently cntically exammed and tabulated (161) Values for some members of the 
senes were newly denved usmg a radioactive isotope techmque, while other values 
were denved from the older hterature Some of these results are mcluded m 
table 3 

mtrogen If the fat content of the body is 16 to 20 per cent, the fivefold greater 
solubihty of mtrogen m fat compared with water imphes that one-half of the 
total mtrogen of the body is dissolved m fatty tissue (6, 12, 21, 23) Dunng 
short exposures to excess pressure, fat may act as a reservoir to protect thebody 
against sudden floodmg with bubbles (6) Times for essentially complete satura- 
tion of the body by mtrogen are given as man, 6-6 hours (20, 23) , dog, 3-4 houra 
(146), goat, 3 hours (21) Small ammals saturate and desaturate much 
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more rapidly (21) and require higher presBuro differentiala to ehcit bubble 
formation. 

Oxj/gm In atmospheres of compresaed air, the amount of dissolved mtygen in 
tissues ropresontB an mconaiderablo part of the dissolved gases However, the 
oil water ratio for oxygen approxunates that for mtrogen, and exposure to 100 
per cent oxygen under preseuie followed by decompression leads to the appear- 
ance of gas bubbles (63, 81, 83) For reasons believed to involve tissue damage 
by oxygen under pressure, bubble formation was of less mtensity on decompression 
from oxygen atmospheres (63) In decompressions to altitude from oxygen at 
atmospheno pressure the formation of bubbles is greatly reduced, and pretreat- 
ment with oxygen is commonly employed for protection under these oircumstan 
ces (28, 49, 177, 179) 

Helium A low oil water ratio and the low solubthtv in both plasma and fat 
has rendered this gas relatively ideal as a diluent for oxygen m divmg (6, 13, 16) 
The total body content of He at saturation is only 40 per cent that of Nj and 
relatively less is present m the "slow” tissues Time for helium ehmmation is 
approximately 60 per cent that required by mtrogen There is a cutaneous dif- 
fusion of helium of 60 cc per hour which mcreases rapidly above 28°C with the 
concurrent sharp rise m penpheral blood flow (14) 

Hydrogen The solubiUty charaotenatics of hydrogen are less favorable than 
those of hehum and no special advantage is gamed by its use. It has been em 
ployed m experimental divmg work (183) 

Argon, Xenon, Krypton, Rodion The oil/wBter solubUitioB of these gases 
increase rou^y m proportion to their atomic wei^ts (91) The last three have 
found apphcation chiefly as radioactive tracers Use of argon as a diluent for 
oxygen m compression studies has served to confirm the view that the production 
of a highly saturated reservoir of inert gas favors bubble formation. Symptoms 
of mcreasmg seventy were produced by gas mixtures m the following order 
oxygen, helium-oxygen, air, argon-oxygen (63), conforming to the oil/wator solu- 
bihties of helium, mtrogen and argon respectively 

Chermad composition of the body Arbitrary resolubon of the body into lean 
body mass and fat m studymg abnormal pressure effects was suggested by Behhke 
(6, 9) and a theoretical formulabon was developed by Morales et al (116) 
The lean body mass, consiBtmg of bone and other tissues, together with essential 
hplds, maintains in the adult a relabvely constant composition Body density 
was used as an index of obesity by Behnke et al (10) By comparing body 
specific gravity with direct esfimabons of total fat m the gmnoa pig, Rathbun 
and Paco (134) formulated a quanbtafave relationship between them A surular 
relabon between specific gravity and fat content was suggested by these authors 
for man Computabona of body composition from mert gas uptake have been 
made (0) and methods involving the differential uptake of two mort gases have 
been suggested as a means of measuring watery and fatty tissues (91, 110, 123) 
but apparently have not been elaborated oxponmentally 

Analysis of the effects of decompression on mdindual tissues requires a break 
down of their composition m terms of fatty and non fatty components Values 
have been derived from the htcrature for the composition of some tissues of 
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particular mterest m decompression (table 4) The fat content of bone marrow 
IS high (56, 85, 173) Smce bone marrow may represent from 2 2 to 4 4 per cent 
of the body weight, bone marrow fat may comprise up to one-fifth of the total 
body fat The adrenal gland is relatively nch m fat (7 5-14 per cent) and m 
decompression from high pressures a fall m specific gravity of this tissue has been 
correlated with the presence of extravascular bubbles, parallehng the situation 
existmg m fat tissue proper (52) Bram (156), nerve, hver and muscle are rela- 
tively poor m fat, the skm, as a rule, is somewhat ncher than these tissues (66) 
Tustie bhod flow Inert gas uptake depends among other things on the rate 
of blood flow, and heavily perfused organs saturate and desaturate rapidly (150) 
It may be assumed that unne onginatmg m Bowman’s capsule would reflect the 
gas tension of the glomerular blood Hill and Greenwood (81) early showed 
experimentally m man that the pressure of mtrogen m the unne became equal to 

TABLE 4 


Fat content of body tissues and organs 


1 

Tiasm: ok okoak 

1 

AHD£AX 

TAT CC 

Per cent wet weight 

>NTENT 

Per cent dry weight 

MTTK- 

EKCE 

Bram 

Man 

5-8 


166 

Yellow bone marrow 

Pig 

87-90 * 


24 


Ox, sheep, horse 

90-96 


24 


Goat 

90-96 


24 

Bed bone marrow 

Babbit 

70-90 


173 

Adrenal gland 

Guinea pig 

7 6-14 

30-64 

62 



(calculated) 

1 


Nerve-sciatic 

Guinea pig 

6 1 (calc ) 

10-24 

52 

Liver 

Guinea pig 

1 4 (calc ) 

4 9 (range 

62 




0 6-11 8) 


Muscle 

Guinea pig 

1 7 (calc ) 

6 8 (range 

62 



1 

1 0-16 6) 


Skin 

Bat 

6 6-12 


66 


that m the alveoh withm 10 mmutes after exposure to increased pressure and that 
the excess mtrogen rapidly disappeflaed when the pressure was lowered Behnke 
and Yarbrough (15) found that the saturation time for unne m men breathing 
a He-Oj mixture was between 30 and 60 minutes, and desaturation time occupied 
the same mterval in the absence of bubble formation In the latter case, dcsatura- 
tion was delayed It would be expected that organs with perfusion rates of a 
comparable order, such as the thyroid and the hver would saturate and desatu- 
rate vnth equal rapidity 

Values for blood flow through tissues and organs have been denved from the 
hterature (table 5) Classical methods of measuring blood flow were used in 
most instances However, Jones et al (90) have calculated blood-thyroid and 
blood-hver perfusion rates from the exchange of radio-iodme and radio-phospho- 
rus, respectively Tissues with poor blood supply include fat, bone marrow and 
restmg muscle, active skeletal muscle, heart muscle and bram have a moderate 
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blood supply and the kidney and thyroid have the nchest blood flow Lying 
outside this general classification are organs bke the spleen with an intermittent 
circulation and the hver with its dual circulation. 

Local pcculiantiea of the circulation may modify figures based on the total 
perfusion rate Gersh (66) contrasted the mtermittency and probably reduced 
’ rate of flow in splemo smusoids oath the relatively contmuous flow m those of the 
hver Hepatic blood flow has been estimated to be from one-thud to one-eov 
enth of the portal blood flow of the hver (63, 162) In decompression, the slower 
and presumably more saturated portal blood becomes diluted with less saturated 
blood from the hepatic artery, thereby lowenng the t en sion of gas available for 
bubble formation Organa havmg blood trapped m smusoids may on the other 
hand be exposed to sharp pressure differences between the entenng artenal blood 

TABLE 8 


Btoad flow tn and or^ron* 


TIMUK Ot OKOAM 


atooo now 

KCTTUMCV 

Thyroid 

1 Man 

mljnCOt/mim. 

4000 

00 


Moose 

3210 

90 

Kldnay 

Mao 

3000 

90 


Man dog rabbit 

8400 8300 8200 

148 

Brain 

Monkey 

850 (range 1 

40 


Man 

eoO-1000) 

&50 (range 

142 

Heart 

Dog 

4CO-1(MO) 

500-780 

47 

Moacle (dilated) 

Dog 

67-570 

124 

(dilated) 

Dog 

nO-680 

178 

Mutole 

Man 

24 (range 6 reet to 

90 


Dog 

I 50-eMrclB«d) 

69 (rango 30-130) 

61 

Bono marrow 

Ooat 

26 

24 

E»t 

Mao 

12-16 

1 00 


and the trapped sinusoidnl blood, sufficient to produce extravascular or intra 
vascular bubbles The rapid saturation of all structures of tho kidney related 
to the glomerular apparatus may not extend to portions of the renal tissue having 
a different vascular pattern 

CapiUttry damty and mrface While descriptive accounts of tho capillary 
distribution in tissues abound, quantitative studies relating capillary surface 
(S) to umt tissue volume (V) arc largely lacking Values for total and open capil 
lanes of fat tissue were denved (64) from histological studies on injected and 
froien-dned preparations respectively Hie ratio S/V (om~’) was computed 
for fat-nch and fat poor adipose tissue and compared with estimates for muscular 
tissue based on data provided by Krogh (101) (table 6) Open capillaries repre- 
sented from one half (fat-noh) to one-quarter (fat-poor) of the total capillary area 
of fat, a similar general relationship exists in muscle (147) For other tissues. 
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estimates of S/V by mdirect means are probably subject to considerable error 
Values have been given (147) for the number of red blood corpuscles per cubic 
millimeter of tissue, -which may be regarded as a rough measure of the number of 
open capillaries Acceptmg the fairly reasonable value of 1000 cm-i as a meas- 
ure of S/V of the capiUanes of mouse heart muscle, values for some other tissues 
have been computed (table 7) Fat-nch adipose tissues have available for 
gaseous exchange one quarter or less surface than the most poorly supphed 
muscle, and fat-poor tissues barely equal the poorest muscle The relative m- 

TABLE 6 


Capillary surface of tissues tn relation to total tissue volume (S/V) 


Tissva: 

AmUAL 

s/v (cm~J) 

*Ena- 

EKCX 

Total (open plus 
closed capOlAricfl) ; 

Open Caps 

Fat Fat-nch 

Rat 

1 

61 9 

23 6 

64 

Fat-poor 

Rat 

1 222 2 

64 1 

64 

Muscle (a) 

Rabbit 

ISO-613 


42 

(b) 

Rabbit 

160-296 


163 

(c) 

Dog 

494 


101 

(d) 

i Guinea pig 


186-607 

174 

(e) 

Mouse 


485-923 

174 

Cardiac muscle 

Man 

1184 

1 

176 


TABLE 7 


Relative values of S/V calculated from the number of red blood corpuscles per c mm of tissue 

as estimated by Sjbslrand (147) 


TISSUE 

ANnlAt 

NO coxre /c mm 

s/v (car') 

Heart muscle 

Mouse 

350 

1000 

Brain-cortex 

Mouse 

86 

240 

Cerebellum 

Mouse 

116 

330 

Liver 

Mouse 

280 

800 

Kidney-cortex 

Mouse 

300 

860 

-medulla 

Mouse 

600 

1400 

Duodenum 

Mouse 

160 

460 

Pancreas 

Guinea pig 

126 

360 


adequacy of the capillary bed of fatty tissue is therefore demonstrated quantita- 
•tively (64) 

Cerebral cortex and cerebellum compare unfavorably -with muscle in respect 
of the capillary bed available for gas transfer Cobb and Talbot (34) and Cobb 
(33) concluded that even the most vascular parts of the bram -were only one- 
fifth as vascular as skeletal muscle Withm the central nervous system itself 
Craigie (36), from measurements of the total length of capdlanes m sections of 
the central nervous system of the cat found the poorest part of the grey matter 
to be one and one-half tunes as nchly vascularized as the nchest part of the -white 
matter The same -was true m the monkey lu the cat Wolff (181) found the 
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following relatiTB vascularities panetal cortex, 100, lateral geniculate ganglion, 
91, globus pallidus, 68, nerve, 47, and white matter, 43 Thus the white matter 
is sometiung under one-half as nchly vaaculanied ns the grey In addition, 
capillanos in the white matter are said to be larger than those of the grey (33) 
which would make S/V values for the white matter even more unfavorable 
Occupymg a somewhat mtermediate poation in the S/V scale is skeletal muscle 
winch poseosaes nervous and humoral mechanisms capable of rendermg effective 
large portions of the total capillary surface when active, ne , at those timeswhen 
the condibons for gas bubble formation ore apt to approach the critical Highest 
in the scale are cardiac muscle, kidney and hver which appear to possess a large 
effecbve capillary surface for gaseous exchanges that is available at all times. 

Patholooio oonbequenoes of decompression sickness Central Nervma 
Sytlem Preeswrt lattle can be added to the classical desonpbon by Heller, 
Mager, and von SchrOtter (80) of the neurological aspects of the syndrome of 
decompression siokness The substance of their detailed desonpbon follows 
After a latent penod, symptoms of varying degrees of seventy may appear 
These may be general m scope (syncope, dimness, aphasia), may mcludo large 
body masses (paraplegia and paralysis of both lower legs, of both arms, of one 
arm and one leg, or both legs and one arm with a persistent spasbo paralsais, loss 
of urinary and mtestinal spluncter control), may mohide sensory paresthesiaa 
and hypo- or analgeeia separately, or associated with motor disturbances, or may 
be confined to small motor or sensory umta (paralysis of the left lateral rectus 
muscle, a aing^ orbicular muscle, or the hypoglossal muscles on one side, laby 
rinthine deafness, or atrophy of the left opbc papilla) Neural damage due to 
aeroembolism thus vanes greatly, is non-specific, and unpredictable 1, it may be 
extensive, covering large regions, or confined to minute structures, 2, it maybe 
largely motor with a eensory component, or the latter may be dissociated, 3, 
it may be confined to areas supphed by cranial nerves or somabo nerves 
The pathologic changes m the central nervous system following damage by 
aeroembolism have been studied extensively m man and other animals ever 
smce 1870 Because of numerous preoaubons taken to reduce the incidence of 
decompreesion siokness and because of bie success of treatment when such acci- 
dents occur, the most satisfactoiy pathologic studies date back about half a 
century The most prominent feature is the occurrence of areas of softening m 
the spinal cijrd Althou(^ they may extend over the greater part of the spinal 
cord (18), they are most commonly lumted to the thoracio cord (19, 29) They 
are loss frequent in the upper lumbar segments (80, 184) and ore rather infre- 
quent in the cervical region (21, 80, 160, 184) The areas of softerung are usually 
small and are more circumscribed m the white than m the gray matter The small 
necrobc areas may fuse, and result m an apparent general softening m large re- 
gions (80) Necrosis is more common m the white than m the gray columns 
(80), and m the former, is most frequent m the anterior columns (21) Theas- 
cending degcnorabon of nerve tracts anterior to the site of mulbpla lesions, and 
the deecending degeneration posterior to the region have been described by nu 
meroUB pathologists (10, 80, 143, 145) 

Heller, Mager and von SchrOtter have described the mdlvidual lesions most 
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completely In the necrotic regions of the -white matter, the nerve fibers swell, 
degenerate and are completely resorbed The ghal meshes are spread dunng 
the edema -which takes place Sclerotic areas appear, radiatmg mto the surround- 
mg, less damaged nerve fibers The cavity enclosed contains cellular detntus 
and myelm droplets, and some ph^ocytic cells The cavity then becomes more 
regularly outlmed and the walls of the surroundmg blood vessels become thicker 
In the gray matter, the same processes take place, but m the surroundmg regions, 
nerve cells m all stages of chromatolysis may occur The necrotic ca-vity is not 
as sharply outlmed m the gray as m the white matter 

While hemorrhage may occur, it is infrequent and is defimtely less promment 
than the regions of necrosis descnbed above (18, 19, 80, 171, 184) It may, 
however, be of greater significance when it occurs m the bram (18, 29) or m the 
inner ear (80) 

Gas bubbles have been descnbed m pial vessels of the spinal cord, medulla 
and cerebrum m autopsied men, and m other animals (18, 21, 29, 80, 122, 184) 
As it is difficult to ascertam whether these bubbles were present where descnbed 
at the tune of death, the observations of Pudenz (132) and of Wagner (172) are 
of greater sigmficance The former observed m a monkey the appearance of 
gas bubbles first m pial artenes and then m vems m cinematographs of the cortex 
exposed to -view by the use of a Incite calvanum The latter made essentially 
the same observations m a senes of cats whose pial vessels were -viewed contmu- 
ously before, durmg, and after decompression through a Forbes -wmdow A 
gas bubble was obsen'ed also m the ophthalmic artery of a dog (29) Also 
more reliable than the earlier accounts are the preliminary observations of Gersh, 
who preserved the sites of gas bubbles by the freerang-drymg method Gas 
bubbles were found m the spmal cord of gumea pigs directly after massive aero- 
embolism only m the blood vessels, they were present also m mtraneural blood 
vessels of the sciatic nerve There was no e-vidence to support the assertion of 
Boycott et al (21) that gas bubbles occur extravascularly m the central nervous 
system Finally, mmute gas bubbles confined entirely to the myelin sheath were 
present m penpheral nerves of gmnea pigs decompressed from high pressure at- 
mospheres of argon-oxygen, air, hehum-oxygen, and oxygen (53) 

The general pattern of neurologic symptoms, pathologic changes and the 
distnbution of gas bubbles m the central nervous system foUo-wmg decompression 
was outlmed by Bert (18) It was confirmed and extended by the magmficent 
work of Heller, Mager and v Schrotter (80) which the authors have leaned on 
hea-vily, and by later workers Gas bubbles form m the circulatmg blood after 
a short latent penod foUowmg decompression Most bubbles are filtered out 
by the lungs, some bubbles, however, pass through the lungs, either by means of 
small arteno-venous anastomoses which may be assumed to exist, or through 
the capillary “lakes” of Sjostrand (147) These bubbles are small, about 25 
fi m diameter When they pass through the heart and reach the central nervous 
system, they occlude small artenoles of the same order of magmtude (21, 52, 132, 
172) Smce the circulation m the central nervous system is largely termmal in 
nature, the venous blood flow and blood pressure m the region is reduced, and 
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gM bubbles appear secondanly in the vema Another oonsequence of the ter- 
mmal nature of the circulation is that nerve cells and fibers in the affected region 
are suddenly depnved of their major source of nutrients and oxygen They 
rapidly degenerate m small, focal regions corresponding to the artenoles occluded 
by gas bubbles. The noorobo regions may be separate, or may fuse secondarily 
■with adjacent fom to form larger areas of sottenmg The extreme rapidity with 
which nerve cells are irreversibly mjured foUowmg occhiaion of the circulation 
has been conclusively demonstrated by numerous workers (68, 92, 93, 94, 170, 
180) The unpredictabihty of the site and extent of the lesion, as well as the 
magmtudo of the symptomatology, are thus related to the site of lodgement of 
the gas emboh, which may be isolated or adjacent to others, and to the numbers 
of blood vessels occluded It carmot be stressed too strongly that there is a 
large element of chance as to whether a given number of gas bubbles causing neural 
damage will result in mmor or severe symptoms, dejiending on the nerve cells 
and fibers affected The circulation in the gray matter of the spinal cord is 
somewhat anastomotic, and this may account for the faetthat necrotic foci occur 
less frequently in this portion of the spmal cord than m the white matter An 
other circumstance which protects the gray matter is the fact that the capillary 
density, and presumably the blood flow, is greater tha n that in the white matter 
(36) 

Hemorrhage is a relatively unimportant factor in neural da m age of decompres- 
sion sickness Althou^ v Leyden beheved that oxpandmg extravaseular gas 
bubbles induced hemorrhage by laceration ofblood vessels (171), the same result 
may take place due to the occlusion and weakening of small blood vessels It is 
also posdble that vascular congestion somewhat remote from the gas bubble 
and the cessation of the blood flow may result in hemorrhage This was actually 
observed directly in mesentenc vessels of animals injected with small gas emboli 
(30, 162) 

The apjDearanee of rmnute gas bubbles m the myehn sheath of peripheral nerves 
alter decompression is attributable to the large volume of gas m solution in the 
lipid phase of the myehn sheaths. 'Whilo the hpid content of the brain is only 
6^ per cant (166), certain jiarts may be expected to bo richer in hpid It is 
on Uua account that the eorher Ehglish mvestigators attributed the alleged dc 
currence of extravaseular gas bubbles to the release of the excess hpld^^olubl6 
gas (21) Apart from the necessity for confirmation, the conclusionB may be 
modified as a result of the later work by Campbell and Hill (23), who showed that 
the bram of jiressunted nuiTTiala contains far less gas than expected This dis 
crepancy m gas uptake may possibly be explained by further knowledge of blood 
flow and capillary density in the bram Similar investigations may aid m in 
torpreting several other problems without a satisfactory solution the predomi 
nance of lesions of the spinal cord as compared with the brain, the marked pro- 
dileotlon for mjnry of the thoracic cord, and the relatii e seventy of damage to 
the motor systems as compared with the sensory 

Alhhide Symptoms of damage to the central nervous system followmg de- 
compression to altitude are rather uncommon, and pathologic changes are oven 
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rarer There is no evidence that lasting changes occur m the cerebral cortex 
(45), m spite of the appearance of irregular EEG waves with a low frequency 
and high voltage dunng or after decompression to extreme heights (182) No 
residual EEG changes were detected m mdividuals decompressed to 35,000 feet 
even while they were suffermg from the chokes or the bends In subjects free 
from the effects of generaltzed shock, some temporaiy damage to the higher cen- 
ters may occur, for there may be temporary syncope, scotoma, headache (45), 
amnesia, and auditory agnosia (106), motor aphasia, shght facial paralysis, a 
positive Babmski m one leg, agraphia, and a stuporous condition (22, 59, 136) 
Other temporary effects of decompression to altitude on the cential nervous 
ss^stem are changes m muscle tone and m the strength of a variety of reflexes, 
and localized sensory losses; The mcidence of temporary dysfunction of the 
central nervous system was given as 0 28 per cent, of a large senes of exposures 
at 34,000 feet with oxygen (22) Temporary damage of the central nervous 
system may be even rarer than mdicated, because of the diflBculty of ruling out 
simulated effects caused basically by emotional disturbances The only re- 
corded instance of uncomphcated permanent damage to the central nervous sjm- 
tem was reported by Simth (149) who observed paralysis m the hmd limb of a 
dog soon after explosive decompression to 45,000 feet 

Bnefly summarized, it appears that 1 Neurologic signs of damage to the cen- 
tral nervous system foUowmg decompression to altitude are rare, when compared 
with the consequences of aeroembolism from deep divmg This relative infre- 
quency of lesions m the central nervous system must be attnbuted to the rela- 
tively smaller amount of gas m solution m the body at altitude 2 With the 
single exception noted above, neural damage is temporary This may be at- 
tributed to the reduced volume of gas present m the body at altitude and to the 
differential between gas bubbles assumed to exist m relation to the affected re- 
gions and the high oxygen content of inspired gases This procedure of reducmg 
the effects of aeroembolism has been recommended for caisson workers ever smce 
the time of Paul Bert, and is m common practice at the present time (11) 3 

The neural 83 unptoms are non-speciflc As m the case of divmg, this property 
may be attnbuted to the factor of chance of where a given gas-bubble freely 
circulatmg m the blood will finally lodge, occlude the local circulation and 
cause temporary ds^sfunction 

Further comphcatmg the picture is the possibihty that gas bubbles may lodge 
m mtraneural blood vessels, and thus cause local neural (at least temporary) 
damage Gas bubbles were observed m such sites m a study of acute, fatal 
aeroembolism m rabbits (51) An exhaustive search for gas bubbles m rabbits 
decompressed to altitude was made by TroweU (160) His failure to find these 
may be due to the inadequacy of the method of fixation employed 

Lung Pressure As a consequence of aeroembolism gas bubbles may occur 
in the pulmonary artery and its branches and m the chambers of the nght side 
of the heart m sufficient numbers to cause death through occlusion of the circula- 
tion and asphyxia In order to achieve asphyxia, it is necessary for blood 

vessels to be occluded to reduce the puhhonaiy artenal blood flow by 52-66 per 
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cent (64) In addition there may be pulmonary hemorrhage, edema, emphysema, 
and atekotasiB (18, 21, 46, 80, 82) Except for minor details, the mechanlnmg 
of mjury ivere developed by the early workers in the 6eld Gas bubbles arising 
in venous ohaimels pass through the right aunole and ventnole to the pulmonary 
artery nie emboh occlude larger and smaller branches, but, contrary to carher 
assertions by others, never reach the capillary bed, they are sometimes present 
m bronohiolar vessels (61, 66) The smallest vessels occluded were 40 p m 
diameter This corresponds with the direct observations of Chase (30) on the 
mcsenteno vessels of hving animals that gas bubbles mtroduced mto the arterial 
droulation never penetrate beyond arterioles of a similar diameter The oc 
elusion of arterioles of sumlar dimensions was reported in other sites also by 
Curtillet (38) and by Tureen and Devme (162) The occluded blood vessels 
may be markedly stretched at the site of the gas bubble, as well as centrally 
It should be noted m passing that the lung differs from all other organs m that 
gas bubbles m tlua structure represent emboh, with no sigmficant contribution of 
local ongm. While nearly all gas emboh are retained m the lung, it has been 
believed from the earhest wnters (18) that some pass through the organ to be 
distributed as arterial emboh by routes which are largely hypothetical 1, intrs- 
puhnomo arteno-venous anastomoses (36), and 2, the blood 'Takes” desonbed by 
Sibstrand (147) 

The relabon of experimentally mduced gas emboh m ammals to aeroemboHam 
appears to have been most extensively mvestigated by Heller, Mager and v 
Schr6tter (80) They found that the distribution of gas bubbles m both instan 
ces lyaa stnkmgly sumlar In the case of air mtroduced mtravenously, the final 
distnbubon depended on the volume of gas mjccted, the rate of injection and 
the size of the gas bubblee 

Pulmonary hemorrhage, edema and emphysema have been shown to follow 
pulmonary embohiabon by eohds (41, 165) Hemorrhage and emphysema have 
been attributed also to the violent rupture of alveolar walls (82) Pulmonary 
atelectasis as a result of decompression was first desenbed by Bert, who attri- 
buted it to possible rupture of a vesicle at the time of decompression, thus permit- 
ting access of air under pressure to the pleural space Other possible mechanisms 
are 1, ovennflabon of the lung uhile inflating the Eustachian tube during com 
pression, 2, expansion of sir in alveoh and rupture of their walls, as a consequence 
of holding the breath (26), 3, escape of gas under pressure from alveoh to inter- 
•stitial tissue, along the vascular sheaths to the hilus of the lung, pncumo-medi 
astinum, and pneumothorax (107, 108), and 4, rupture of a few alveoh mto the 
retropleural connective tissue In the manner of a one-waj valve, escape of this 
gas retroplourally to the hilus, pneumomediastinum, and pneumothorax (66) 
The meohanisme enumerated are apphoablo not only to the rare instances ob- 
BOTved after decompression (4, 130, 131), but also to other equally rare situations 
spontaneously (67, 120), m severe straimug activity (111) and m cases of ob- 
structed air passages, such as accompany diphthentio laiyngitis (39), following 
pertussia or other infections (31, 96, 1 11) 

Alhtude Hoppe-Seyler m 1867 (84) attributed death to occlusion of pulmo- 
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nary capillanes by gas bubbles The few other observations on this phenomenon 
were contradictory They showed that rather few bubbles appeared in branches 
of the pulmonary artery, while only one bronchiolar vessel was found to be 
filled with gas m the senes of six rabbits studied ITie small numbei of pulmo- 
nary bubbles as compared with those m animals decompressed from pressure is 
explamable by the smaller quantity of gas m the body of ammals decompressed 
to altitude The same observation has been cited also as one of several reasons 
for the belief that animals decompressed to altitude tend to die of embobsm of 
the central nervous system, rather than of pulmonary asphyxia, a condition 
opposite to that believed to obtain in animals decompressed from high pressure 
atmospheres (27, 56) 

Pulmonary hemorrhage occurred irregularly m rabbits decompressed to alti- 
tude (27) Smith (149), and Berg, Baumberger, et al (16), found that it follows 
more regularly after explosive decompression of experimental ammals, espe- 
cially, as the latter found, when decompression took place during inspiration or 
the last two-thirds of expiration Only two mstances of mediastinal emphysema 
have been reported m men after explosive decompression (112) Pneumo- 
thorax, retroperitoneal emphysema, and pulmonary atelectasis also occurred m 
rabbits, especially after slow decompressions The administration of nembutal 
or of carbon-dioxide mixtures predisposed to pneumothorax, while preoxygenation 
or the administration of ammomum chlonde, lactic acid, or sodium bicarbonate 
did not affect the mcidence of atelectasis (28) The mechanism has not been 
mvestigated 

The observations on rabbits confirmed m part earher reports by a group of 
Bntish mvestigators who descnbed the occurrence of atelectasis, vascular 
congestion, and pneumothorax m rabbits, rats, and guinea pigs decompressed to 
altitude (49, 60, 77, 78, 79, 159) They showed that these changes were related 
to the final altitude, and were unaffected by the degree of anoxia or by the COi 
content of the blood In unpublished experiments, the wnters found that atelec- 
tasis was more common m young than m older ammals 

Blood vessels Ever smce 1857 (Hoppe-Seyler (84)) it has been known that 
bubbles are more commonly (sometimes exclusively) present m the large veins 
following decompression from high pressure atmospheres, or to altitude This 
was attnbuted by Bert to the fact that venous pressure is lower than that m 
artenes Harvey et al (72) added another factor, namelj, the higher COj 
tension of venous blood, facihtatmg the growth of gas bubbles Arterial gas” 
bubbles, when present, were attnbuted by Bert to passage of some gas bubbles 
through the lung mto the left side of the heart and their distnbution as emboli 
Under extreme conditions, where the effect of blood pressure becomes overshad- 
owed by other factors, one would expect gas bubbles to arise m artenes in the 
same manner as in veins The distnbution of gas bubbles is in fact similar to 
that which has been descnbed repeatedly after the rapid intravenous injection of 
large volumes of an* Smaller volumes of air (or air mjected at a slow rate) pro- 
duce bubbles that are confined largely or almost entirely to the venous system 
After decompression from high pressure atmospheres, gas is sometimes present 
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in the capillary bed of several tissues (62), but this soldom occurs, and then in fat 
tissue only, after decompression to altitude (51) The difference must be at- 
tributed to the 1 astly greater amount of gas m the tissues in the first condition 

Recently it has been noted by direct observations of hvmg animals that on 
arteriolar and capillary oonstnotion may occur at altitude This has been ob- 
served to take place In man, rata and frogs (99, 104, 121), though not in cats 
(126) Reed and Bhnks (138) found that vasoconstriction was not related to 
bubble formation. They also found that it could be abolished by nerve section 
and by o-xcroiso. It was correlated in man wiUi the prolonged refilling time of 
the finger noil bed and of the arm vein (99), and with reduced skin temperature 
(167) This group found evidence that the latter phenomenon is related to sus- 
ceptibihty to bends 

Itnisoly (99) failed to see endence of mtmvascular sludge m men exposed to 
altitude, although he did desenbe vasoconstriction On the other hand Patek, 
who failed to note any change m the cahber of blood v-essels m cats, observed 
sludging (126) This may have been due to the anoxic condition of the animals 

Sludging was observed directly m the pial vessels of hving animals mjected 
mtravenously with air or decompressed from high pressure atmospheres It 
occurred after vascular occlusion by gas bubblos, presumably as a eonsequcnca of 
reduced circulation and anoxia (170, 172) End (44) regarded agglutination of 
red blood corpuscles as the causative factor of decompression sickness, and gas 
bubbles as a secondary event. Swindle et ol (154) attributed disturbed function 
of decompression sickness to the occurrence of fragile, non gaseous plasma floe 
culates Jacobs and Stewart (88) investigated these possibihties by studymg 
rat blood exposed to high pressure atmospheres and then dccompresacd They 
found no clear evidence of any change in sedimentation rate, tendency to roul 
eaux formation or in the aggregates of rouleaux. They failed to observe true 
agglutmation of red blood cells, but did desenbe a tendenoy for blood platelets 
to form aggregates about small gas bubbles and to appear free in this form later 
Such platelet aggregates could conceivably lead to occlusion of small vessels m 
certam regions of the body Gersh and his co-workers paid particular attention 
to the possible occurrence of all of these phenomena and failed to detect them m 
animals decompressed from high pressure atmospheres or to altitude. As the 
method employed (fixation by freesmg and drymg) could be confidently expected 
to pteserv e such flocculates and aggregates, the failure to find them returns the 
causation of decompression sickness to the conventional realm of gas bubbles 

Fal Tuiue Premtre Experience In divmg or caisson operations is that ac 
cidents occur more commonly m fat workers than m lean Heller, Mager and v 
SchrOtter (80) reported that animals nch m fat m the subcutaneous tissues, 
mesentery and pencardlura are more prone to show abnormalities than lean ani 
mala This was tested for the first tune by Boycott and Damant (20), when they 
found that the time of survnval of rats and gumea pigs after decompression from a 
stated pressure was related to thoir total fat content This was confirmed m 
another way by observing the highest pressure which gumea pigs could survive 
when decompressed rapidly, and relatmg it to their total fat content. For ex 
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ample, fat gumea pigs (average fat content 31 9 per cent) survive decompression 
from a pressure of 45 Ibs/sq m , but die when brought up from 60 Ibs/sq m , 
on the other hand, lean gumea pigs (average fat content 8 2 per cent) usually 
survive decompression from an atmosphere at 90 Ibs/sq m but die when brought 
up from 105 Ibs/sq m (52) Usmg another cntenon (i e , the tune of appearance 
of the first gas bubble), the tendency for bubble formation m restmg cats was 
also found to be related to the fat content of the animal when it was decompressed 
from moderately mcreased pressures But m active animals, or at greater pres- 
sures, this relationship was masked by other factors (70) 

Fat tissue containing numerous gas bubbles appears foamy, like whisked white 
of egg (82) The bubbles may be mtravascular as well as extravascular (20) 
As a consequence, m survivmg animals, large masses of necrotic fat may be pres- 
ent, especially below the kidne}^ In late stages, the necrotic regions are sur- 
rounded by a zone of giant-ceUs, with some of the fat converted to calcium soap 
(21) In gumea pigs, mmute gas bubbles may occur m the mtracellular fat m- 
clusions of fat cells In somewhat more severely affected animals, macroscopic 
bubbles which are extravaaoular and extraceJlular may occur Intravascuhr 
gas bubbles may be present in fat tissue m the absence of the aforementioned 
bubbles Hemorrhage and vascular distention are associated frequently with the 
occurrence of extravascular gas, especially m fat animals (52) Thus, it may be 
assumed that, when purpunc subcutaneous spots appear m divers, gas bubbles 
have occluded some blood vessels and vascular congestion and hemorrhage have 
taken place 

The genesis of gas bubbles m fat tissue may be reconstructed m some such 
manner as follows Fat cells dissolve ejtcess amoimts of gas, especially mtrogen, 
durmg pressurization Durmg and after decompression, many fat cells enlaige 
due to the appearance m the fat mclusions of mmute mtracellular bubbles 
Meanwhile dissolved gas passes from the fat mclusions to the tissue fluid and the 
circulatmg blood Depending on a number of factors, gas contmues m solution 
or forms visible cuculatmg bubbles When these exceed the diameter of the 
blood vessels, they occlude the circulation Meanwhile, m some regions, the 
cells mcrease m volume more markedly due to the mcreased number of mtra- 
cellular gas bubbles These distended cells then rupture and discharge their 
contents mto an irregularly outhned mtercellular (extravascular) bubble which 
contains cellular debns, fat, and gas under pressure About this time, some 
blood vessels occluded by gas bubbles are distended with blood, and others may 
rupture 

This h 3 q)othetical reconstruction of the events leadmg to the formation of gas 
bubbles m fat tissue is supported by evidence along at least three Imes that cer- 
tam physical factors are mvolved These are as follows 1 The mcreased solu- 
bihty of gases m fat as compared with fassue flmd (see p 368) Biological evi- 
dence may be cited The occurrence of gas bubbles m fat tissue and then number 
are directly related to its hpid content Extravascular gas bubbles occur only 
m hpid nch structures (fat tissue, adrenal cortex, myelm sheaths of penpherm 
nen^es) (52) Fmally, gases which are eEpecially soluble m hpid (such as argon). 
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are much more effective m producmg gaa bubbles m these structures, -while gases 
fat 

■which have a low mdex of solubihty are relatively moffective (63) 2 The 

mcreased amount of gas m solution m fat Is directly related to the number of 
gas bubbles formed in fat tissue This was illustrated by the greater seventy 
of the effects of decompression when animals are pressurised at higher pressures. 
It was also shown by a comparison of the effects of argon-otygen, and mtrogen- 
oxygen mixtures. Although the relabvo solubilibea m hpid and tassue fluid of 
argon and mtrogen are nearly identical, the amount of the former in solution is 
over twice as great. The number of gas bubbles appearmg m fat tissue is far 
greater when argon is used than when nitrogen is used In both examples, varia- 
tions in the number of gas bobbles occur although the sue of the gas bubbles 
remains the same The sire of the gas bubbles is probably referable to some tissue 
property such as elasticity 3 The poor capillary density of fat tissue is an 
important factor predisposing to bubble formation, smee excess gaa cannot bo 
removed rapidly enou^ to avoid high A P values in the tassuo (see p 802) 

Albtude Incontraat with the senousconsequencesof excess body fat for divers, 
fat IS not of great significance m bubble formation on decompression to altitude 
Harvey et ah (70) and Catchpolo and Gersh (27) failed to find any correlatian be- 
tween the fat content of animals decompressed to altitude and the time of first 
appearance of mtravnscular gas bubbles, the seventy of the symptoms, or the 
time of survival 

Extravascular gas bubbles do not occur Gas bubbles have been observed m 
vems dndnmg fat depots but less commonly than m blood vesscb d rainin g 
muscles (70) They were found to be somewhat more numerous in fat tissue 
than In others by Gersh and Catohpole (61) Fat is the only tissue where gaa 
bubbles were present m the capillary bed 

MxiscU Pres litre LatUe emphaaia is placed m the hterature on muscular 
lesions followmg decompression except as a consequence of neurological damage, 
or in the case of regional Infarct (169) Only m recent years has muscle acquued 
great significance in theones on the ongm of gas bubbles Bert (18) found bub- 
bles to be present only in mtormuscular fascia, and Boycott et al (21) were un 
able to see gas bubbles m skeletal muscle Harvey et al (70) found that in 
anesthebted cats bubbles do not appear in -veins draining largely muscular regions, 
although they are present in -vessels from fat depots On the other hand, m 
stimulated animals, bubbles arise only from largo muscle masses Both the 
Prmccton and the California groups agree that violent activity mcreases the 
number of bubbles (70, 177) In normal, decompreesed guinea pigs, gas bubbles 
were present in muscle m arteries, capiUanes, and veins of all dimensions, but 
they were fewer m number than m bloodvessels of fat depots (52) Under the 
some conditions an equally small numberof blood \e 8 seI 3 were occluded after 
decompression from a hchum-oxygen mixture, n larger number were oliscned 
after argon, and none were observed after ox> gen 

Muscle IS regarded ns an important site of bubble formation, the gas phaso 
appearmg m regionB of mechamcal tension, whether this is induced by passive 
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movement, stretchmg, injury or stunulation This is attnbuted to the decreased 
P obtaining near tendon attachments due to the local stresses (68, 110) It 
should be stated that m gmnea pigs, although blood vessels near the knee joint 
were not noted for their density of gas bubbles, those accompanying the long 
tendons near the ankle jomt displayed gas bubbles prominently (66) Also im- 
portant are the mcreased volumes of gas in solution as a result of compression 
The increased gas content appears to overshadow the facilitatmg action of car- 
bon dioxide 

AUiiude In anesthetized, decompressed animals, relatively few gas bubbles 
appear, and these seem to ongmate in fat depots In stimulated limbs, however, 
the numerous bubbles appear to anse pnmanly from muscle (27, 28, 69, 110) 
By direct visuahzation, no bubbles were found m muscles of decompressed rats, 
although they were present at autopsy m the vena cava and other large veins 
(104) Artenoles were observed to be constncted On the other hand, small 
numbers of bubbles were descnbed m decompressed rabbits in blood vessels of 
larger-than-capillary dimensions The factors responsible for bubble formation 
are pnmanly 1, local production of CO^ m regions of muscular activity, so that 
gas nuclei or mmute bubbles m regions of high COj-tension tend to expand rap- 
idly, 2, mechamcal tension mduced by passive movement, stretchmg, injury 
or electncal stimulation, which results m regions of low pressure m the neighbor- 
hood of insertions (70, 72, 110, 177, 179) 

Bone Marrow, Bone, Penosleum, Joznts Bone marrow The occurrence of 
gas bubbles m bone marrow has been descnbed only m acute preparations of 
gumea pigs decompressed from compressed air (56) It was rather unexpected 
to find that m yellow marrow which was eqmvalent to hpid-nch fat, mtravascu- 
lar bubbles were exceedmgly rare and extravascular bubbles were absent while 
the fat of the same animals was filled wth numerous bubbles m both sites Only 
under more severe conditions of pressunzation did extravascular gas bubbles 
appear, together with a larger number m artenes, smusoids, and veins The 
extravascular gas bubbles were frequently larger than in fat, more irregular, and 
with a tendency to be concentrated near bony spicules Sometimes, they seemed 
to dissect the endosteum from the marrow tissue Artenal occlusion by gas is 
probably the result of embolism Venous and smusoidal gas bubbles probably 
anse locally m the bone marrow due to the slow circulation (24), the mcreased 
amount of mtrogen stored m the mclusions of the fat cells, and the low blood 
pressure in the blood channels The extravascular distortmg bubbles probably 
anse m a manner similar to that descnbed for fat tissue Both the large size 
of the extravascular bubbles and their irregular chstnbution may be due to 
the mtermittent flow of blood through some smusoids This would result m a 
high uptake of excess gas m some regions and a large t locally, with bubble forma- 
tion, and m other regions, low uptake of gas and no bubble formation The 
tendency for more bubbles to occur in relation to bony spicules and to dissect 
the endosteum may be related to the findmg that some crystals tend to favor 
the ongin of gas bubbles from gas nuclei (126) It should be emphasized again 
that gas bubbles m bone marrow are relatively scarce, and then even so they 
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occur only m extreme conditions This Is probably duo to the retarded rate of 
saturation of bone marrow with excess gas and the reduced circulation 

Boms and perusstam Pretsure Bone neci osis ns a result of decompression 
sickness was first noted m 1888 (163) The htorature on the subject has been 
thoTOu^y reviewed by Kahlstrom, Burton and Phemister (95) Additional 
information has been supphed by Phemister (127), Colej and Moore (32), and 
Rendich and Hamngton (139) The most detailed microscopic study was made 
by Kahlstrom et al They found that when necrotic bone was situated m the 
epiphysis and bordered on joints, there were varying degrees of collapso of the 
wei^t beanng portions, and mvasion of the necrotic regions with now bone or 
calcification The overlymg articular cartilaginous surfaces were replaced by 
fibro-cartilago, resulting in arthntis deformans When the necrotic bone was 
located m the dlaphysis, or m the epiphj’sis removed from articular surfaces, 
replacement by new bone or calcification also took place, but collapse and defor- 
mation did not occur Since these observations wore made several years after 
the ongjnal trauma, the mechanism could not be determined exactly They 
postulated two general methods by which gas bubbles could cause bone atrophy 
1, gas bubbles form m bone marrow and mterrupt the circulation of bone, and 2, 
gas omboU In numbers of smaller branches of the nutrient artery occlude the 
osseous circulation. Both mechanisms were demonstrated In work on decom- 
pressed gumea pigs In some instances, gas-filled Haversian vessels were ob 
served (66) It should be pomted out that bone changes in caisson workers and 
divers are relatively uncommon, probably for the same reasons that were given to 
account for the scarcity of gas bubbles m bone marrow Gas bubbles are even 
scarcer in the periosteum, where, only rarely, gas distended small blood vessels 
were seen (66) 

Altitude Only one systematic effort has been made to detect bone damage in 
men decompressed to altitude No radiographic evidence of such effects was 
found m a rather large number of subjects with 6-100 hours’ exposure at 36,000 
feet or higher Follow up x rays several years later were recommended (136) 
The probabihty is that bone damage will be exceptional, for the same reasons that 
neural damage m aviators IS scarcer than in divers (see p 376) Another sohtary 
report on the appearance of periosteum In hving ammals faded to disclose any 
evidence of bubbles in this site (126) Howov or, the altitude at wh(ch the ani- 
mals were studied, and the rate of decompression may have been unfav orablc 

Jointe and penarUadar strueturee Preeeurt Experimental studies utilised 
morphological methods for the demonstration of gas bubbles or their effects, and 
X rays to locate gas bubbles photographically In gumea pigs decompressed 
from high pressure atmospheres, gas bubbles mn> be present in the joint fat 
But even when thej are absent, blood vessels in the region, espooinlly those odja 
cent to the long tendons are frequently occluded and distended by gas bubbles 
(66) With X rays, only the larger blood v easels which were completely filled 
with gas, were recogmiable Bubbles m fat or connective tissue were indistin 
guishable, or when they were -very numerous, were recognisable almost alwaj-s 
ns a general x mj shadow In only one instance, m which shadows suggestive of 
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bubbles were foimd, only a minute fraction of all the bubbles were recognizable 
as such, because of the small size of the bubbles, poor resolution and overlay (67) 

Altitude The only morphological studies reported were on the jomts of hving 
a nimals The failure to find gas bubbles m the penarticular tissues may have 
been due, however, to expenmeptal conditions (125) Webb and co-workers 
(174) attempted to correlate gas m tissues of the knee with pam, and found that 
pam IS unrelated to gas m the jomt ^ace or m the suprapatellar bursa Better 
statistical relationships of pam were found with x-ray photographs correlatmg, 
m decreasmg order of success, "with 1, streaks m tissues postenor to the jomt cap- 
sule, 2, gas bubbles immediately postenor to the jomt space, and 3, gas bubbles in 
the infrapatellar space The streaks appeared to be extravascular coUections of 
gas m the mtermuscular fascial planes of the postenor tissues of the leg The 
gas seemed to be disposed as a collection of mmute bubbles and to have no 
relation to the larger blood vessels or nerves of the region Similar findmgs were 
reported by Thomas and Williams (165), who pomted out that “streakmg” may 
occuf m the absence of pam, and that there was no characteristic x-ray picture 
with which pam is correlated Lund et al (105, 106) came to the same conclu- 
sion m their study on the ongm of pam m bends, and expressed the behef that the 
demonstration of gas by radiographic measures alone can be expected to help very 
httle m supportmg theones on the mtrmate ongm of pam A sunilar attitude 
was expressed by Gersh (67), who pomted out the diflSculties m mteipretmg x-ray 
photographs of gas bubbles m terms of finer anatomical structures 

Adrenal Oland Pressure Gas bubbles have been detected m all layers of 
the adrenal cortex, as well as m the medulla In addition, they have been ob- 
served m the capsular artenes, m the medullary veins and its tnbutanes, and 
occasionally m the reticular smusoids In all layers of the cortex, but most fre- 
quently m the fascicular zone, gas bubbles are present also extravascularly 
Three major pathological consequences are 1, the occurrence of hemorrhages m 
the vicmity of the gas bubbles, 2, rupture of cortical cells m the region, and 3, 
vascular congestion m the smusoids penpheral to the gas bubbles, with cessation 
or reduction of blood flow (62) 

Two mam factors are important m the ongm of gas bubbles m the adrenal 
gland the high content of hpid and certam pecuhanties of the vascular pattern 
The followmg sequence of events may be reconstructed Gas bubbles begm as 
small occludmg emboh m capsular artenoles and as clusters m the smusoids of 
the reticular zone after the blood has passed through the fat- (and mtrogen) nch 
fascicular zone These may grow and further occlude the circulation m the cor- 
tex These areas of reduced cortical blood flow are small, and surroundmg re- 
gions may have a normal circulation With the two regions havmg different gas 
tensions, the gas bubbles contmue to grow m the former region, and destroy the 
cortical organization, particularly m the fascicular zone, where the fat and 
dissolved gas is richest The general disruption of structure is accompanied by 
hemorrhage, and also by a further smusoidal congestion Meanwhile, m the 
adjacent uimffected region, gas m solution is removed by the cuculation either 
m solution br as min ute bubbles which do not clog the smusoids Gas bubbles 
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anamg in this manner may, in the capacious venoua channels of the medulla, 
■where the blood preaeure may be smaller, expand to form large mtravascular gas 
bubbles which may senously mterfere with the circulation thron^out the gland 
Although gas bubbles appear m the adrenal gland of decompressed gumea pigs, 
it diould be emphasiied that ttey form somewhat less readily than m fat tissue 
It IS difficult to evaluate the clinical significance of the pathological findingn 
The temporary withdrawal of funotiomng cortical tissue may be related to the 
sense of exhaustion which divers frequently report after immersion 
AUUude Gas bubbles were observed only m capsular artenoles and m some 
of the large •venous medullary channels m rabbits, none were found m smusoids 
or extravBSCularly (61) 

Kidney Pressure Destruebon of renal tubules of the cat was prommently 
figured by Boycott, Damant and Haldane (21) The proximal convoluted 
tubules of the cat are virtually umque because they are exceedingly rich m hpid, 
and it IS unlikely that similar effects will occur m the kidney of other animals In 
support of this assertion is the rapidity of the blood flow, and the brief desatura- 
tion time of renal tissue (see p 370) 

Altitude Gas bubbles were present only in renal blood ■vessels of large caliber 
m rabbita decompreeacd rapidly (61) 

Inver Pressure Boycott, Damant and Haldane (21) found numerous bub- 
bles issuing as a froth from the cut surface of the liver of decompressed animals. 
These ■were believed to be confined to blood vessels With methods leas subject 
to artefact, very few microscopic gas bubbles were seen infrequently and only in 
central ■veina (62) Gas bubbles were common alter decompression from a hifffi 
pressure atmosphere of argon-oxygen (when some bubbles were observed m sinu 
soids), were rare after hehum-oiygen mixtures, and were absent after oxygen (63) 
A peculiar finding was the appearance of watery vacuoles m the cytoplasm of 
hver cells The spherical vacuoles displace and distort the nucleus, and con tain 
no fat Btainable with Sudan HI They ■wore present m hver cells not only after 
decompression from compressed oir, but also from atmospheres of argon-oxygon, 
bohum-oxygen, and oxygen Their significance is unknown (62, 63) 

The scarcity of bubbles m the hver may be explained by the work of Campbell 
and Hill (26) ■who found that liver has a rather slow half-satumtion tune This 
may be duo to the fact that most of the hepatic blood has already passed through 
a capillary bed and given up most of the excess gas In addition to the reduction 
of the gas volume in the liver due to this factor, the nature of the arterial supply 
may contribute to the total picture dunng and after decompression The leas 
saturated arterial blood emptying into the smusoids would tend to reduce the gas 
tension of blood m them and m the central vem and thus reduce the tendency for 
bubble formation 

Altitude In decompressed rabbits, microscopic bubbles were observed very 
seldom, m the central vem and m the branches of the portal vem The intracol 
lular vacuoles observed in animals decompressed from high pressure atmospheres 
did not appear They have, howe^ver, been described m men who died of the 
effects of exposure to altitude and m animals subjected to sudden reduction in 



386 


H K CATCHPOLB AND ISIDORE GERSH 


atmosphenc pressure (103, 168) Ladewig gave good evidence to indicate that 
they may be related to low oxygen tension and anoxia rather than the effects of 
decompression On the other hand, it is difficult to see how anoxia would play 
a r61e m the appearance of the vacuoles of guinea pigs decompressed rapidly 
enough from high pressure atmospheres to result m death m one to three minutes 

Spleen Pressure Gas bubbles occur m splemc smusoids, artenes, and veins, 
m decreasing order of frequency, of gmnea pigs decompressed rapidly from high 
air pressures (56) The smusoidal bubbles are probably related to the intemnt- 
tency of blood flow and possibly the reduced rate of blood flow m this structure 
Both factors may result locally m regions of high gas tension (m closed smusoids 
or in those with sluggish circulation) adjacent to regions of low gas tension (in 
narrow smusoids with rapid circulation) If the volume of gas m the adjacent 
tissue 18 large enough, the gas bubbles grow and cause large, tearmg defects to 
appear The artenal bubbles are probably the result of gas emboh The venous 
bubbles probably ongmate m situ because of the mcreased gas tension and de- 
creased blood pressure 

AUilude Fewer gas bubbles were present m the smusoids of rabbits decom- 
pressed to altitude, they were present also m artenes and veins In two rabbits, 
large, subcapsular, tearmg bubbles were visible (51) The factors responsible 
ior their appearance are probably the same as those descnbed above 

Site of Origin of the Bends and the Chokes Although much has been wntten 
on the subject, the hterature dealmg mth imeqmvocal, direct evidence is distress- 
mgly scanty If one makes the logical assumption that the pain of the bends and 
the chokes is due to gas bubbles, then from the pomt of view of the pathologist, 
those regions which are prone to bubble formation m man or other animals under 
less extreme conditions of decompression acqmre the greatest sigmficance as 
possible sites of the ongm of pam Whether pam results from distortion of nerve 
endings or nerve fibers by mtra- or extravascular gas bubbles, or from local 
ischemia ansmg from reduced or occluded circulation is unknown Gas bubbles 
have been descnbed m muscle, mtermuscular fascia, fat tissue, nerves, bone 
marrow, penosteum, and m fascial tissues adjacent to jomts or to the long ten- 
dons Except for fat tissue (where mtracellular bubbles may occur in the cyto- 
plasmic fat mclusion and also extravascularly) and for the myelm sheath of nerve 
fibers, no other extravascular gas bubbles have been noted in organs of locomo- 
tion Even m these sites, gas bubbles may be seen m blood vessels inammalB 
decompressed from high pressure atmospheres before they appear extravascu- 
larly , m animals decompressed to altitude, only mtravascular bubbles occur In 
all other regions, gas bubbles are confined entirely to the blood vessels Thus, 
grantmg the pnmaiy assumption, the conclusion seems mescapable that the site 
of ongm of gas bubbles is pnmanly vascular, though it cannot be denied that the 
extravascular gas bubbles may m addition cause pain by distortion The evi- 
dence 18 cited m previous sections for the conclusion that the blood vessels most 
hkely to be mvolved m the causation of the bends are those m the vicmity of the 
jomts or tendons near their ongm or insertion However, others located m 
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nerves, muscles, or fasaao (incUidmg penoeteum) may also be additional ales 
uhere pam may originate A amilar analysis of the anatoimo basis of the pain 
of the chokes leads to the conclusion that the most hkely ates of ongm are the 
branches of the pulmonary arteries 

The concluaons denved above must be modified to a certain extent m the light 
of evidence showmg that vascular occluaon by a gas bubble is accompamed by 
vascular congestion (30) If pam anaes from vascular distention, then the same 
blood vessel or branches thereof somewhat removed from the gas bubble may be 
stretched to nearly the same extent If pam arises from ischemia, then any pomt 
in the anoxic region may result in stimulation of the proper nerve endings or 
fibers 

Effects of Exercise and Drugs on Aeroemboltsm Pressure The cbnfhctmg 
claims of the effects of exercise on divers may be resolved bj a critical imnlysis of 
studies by Harris et al (68) and by Harvey ct al (70) The first group found 
that the minimal pressure which results in the liberation of bubbles after decom 
pression is markedly lowered as a result of exercise It may be assumed that as 
the pressure is Increased greatly over this minimum value, the amount of gas 
present m the body outweighs in importance the decreased P which accompames 
muscular activity The result of this is that it would be difficult m practice to 
show that there is any relationship between exercise and amount of gastiubbles 
formed on decompression from hi^er pressures 

The eflTects of exercise were illustrated m another way by the use of anesthetics 
Anesthetiied animals, probably as a result of decreased muscular tone, had a 
much higher minimum effective pressure Harvey and his colleagues (70) made 
similar observations, and found that a clear relationship between exercise and 
bubble formation existed on decompression from lower pressures, but that this is 
masked after higher pressures From these results it is possible to understand 
that m divers, where the time under pressure, the pressure, and the rate of decom 
pression are not pften dupheated m experunents, some workers may claim that 
exercise is harmful, ineffective, or even beneficial m preventing or amehorating 
the bends Hams et ol (68) also reported that the use of anesthetics reduced 
bubble formation markedlj , probablj as a result of decreased muscular tone 

Oxygen admimstration is used effectively for the prevention and treatment of 
the more senous effects of aeroembolism in divers (6, 11, 89) This is confirmed 
bj experiments on gumea pigs, m which for fewer gas bubbles m all sites were 
noted after decompression from oxygen as compared with mtrogen (63) This is 
difficult to understand, as the solubihty properties of both gases are very nearly 
Identical Certam phases of decreased aeroembolism may be explamed by as- 
siiming that oxygen of gas emboli is used metabohcally, thus, in effect, reduemg 
t at the site of bubble formation 

Altitude. The acceleratmg effects of exerdse on bubble formation in animals 
at altitude have already been desenbed They correspond with the well known 
Increased seventy of symptoms induced in men decompressed to altitude under 
controlled conditions The mcreased tendency to bubble formation is attnbuted 
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to decreased P m the region of tendon attachments, and mcreased local t values 
due to excessive accumulation of CO 2 

Preoxygenation is effective m delaymg the onset of S 3 Tnptoms of aeroembolism 
m men, and m protectmg animals against bubble formation (see p 369) This 
effect IS achieved presumably by aubstitutmg a metabohzable gas (reducmg () 
for mtrogen, which is largely eliminated durmg the penod of preoxygenation 

The administration of ammomum chloride and lactic acid was also found to 
reduce the tendency to bubble formation m decompressed rabbits (28) In man 
(2, 3, 113) ammomum chlonde mcreases tolerance to anoxia and improves subjec- 
tive symptoms The underl 3 ang mechanism m the latter studies appear to be a 
shift m the blood pH towards the acid side and correction of the alkalosis caused 
by hyperventilation and loss of CO 2 To the extent to which CO 2 contnbutes to 
the imtiation of bubble formation at altitude, a lowermg of the artenal COj 
tension would be expected to hmder bubble formation The admmistration of 
moderate concentrations of CO 2 or of sodium bicarbonate did not have a notice- 
able effect on bubble formation (28, 110, 177) Accordmgly, it was not surpnsmg 
that m men exposed for two hours at a simulated altitude of 38,000 feet, the 
S3Tnptoms were of the same order whether the subject breathed pure oxygen or 
oxygen diluted by CO2 (60) 

Thefti has been no uniform interpretation of the results of adnumstenng 
vasodilator drugs jVmmophylhn has been claimed to alleviate, or to reduce the 
seventy of the bends (180) , on the other hand, it had no effect on bubble forma- 
tion m animals (138) A favorable effect of d-amphetamine m reducmg the 
mcidence of incapacitating bends has been both proposed (87) and denied 
(141) 


SUMMARY 

The evidence is overwhelmmg that gas bubbles are the primary pathogenetic 
agent m ehcitmg the pathologic effects of decompression sickness Whether they 
occur after decompression from high pressure atmospheres or to altitude, gas 
bubbles are chiefly intravascular, and they are held to be responsible for nearly 
all important phases of the syndrome of decompression sickness Extravascular 
gas bubbles occur also under certam severe instances of decompression from high 
pressure atmospheres, but they are restneted to certam hpid-nch structures 
The pathological effects may be vastly greater after decompression from high 
pressure atmospheres than to altitude These are desenbed m detail for the 
vanous tissues and organs of the body An attempt has been made to relate 
earher and recent findmgs to each other, and to the causative factors Basic to 
an understandmg of the mechanisms involved m the s 3 Tidrome is a consideration 
of the physical factors responsible for the uptake and climmation of excess gas m 
the body The followmg physical factors were subjected to analysis mtnnsic 
factors such as blood pressure, blood flow, tissue permeabflity, tissue activity, 
the chemical composition of tissues and the solubihty of gases m body compo- 
nents, and extrinsic factors such as the type, rate and extent of decompression 
apphed 
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THE GENESIS OF THE ELECTROCARDIOGRAM 
LOUIS N KATZ 

The Cardiovascular Department, Research Institute, Michael Reese Hospital, Chicago, III ' 

A review of the significance of the electrocardiogram may present an extensive 
noncommittal report of a volummous hterature or a summaiy of the author’s 
viewpomt based on a fair evaluation of the pertment studies of others and on his 
own expenences and deductions The latter approach was chosen Several 
excellent reviews have appeared (10, 13, 27, 61, 163, 155, 162, 163, 294, 299, 309, 
314, 356, 367) smce the last Physiological Review article wntten by the 
author m 1928 (161) The present review wiU concern itself only ivith the theo- 
retical aspects of the electrocardiogram The empirical interpretations of the 
electrocardiogram which have been found so useful m clmical practice iviU not 
be discussed smce they have been dealt with m extenso elsewhere (164) 

Any careful survey of the articles appeanng on the subject must impress the 
unbiased reader with the fact that the manifold theones on the genesis of the 
electrocardiogram are m apparent contradiction TOth one another He may 
perforce m desperation apply electrocardiography ivithout regard to theoiy, 
leavmg the answer to the latter to the future It is very fortunate that the 
clmical usefulness of the electrocardiograph has suffered so httle from lack of 
i^reement on its theoretical aspects While some workers contmue to proclaun 
the need for an understandmg of the theory m order to make electrocardiography 
useful for clmical practice, the electrocardiograph has actually been very mten- 
sively and profitably used without any but the most elementary theoretical 
background It may be stated m all fairness that the attempt to instill a 
theoretical groundmg mto the ordmary chnician who ivishes to use this Inol has 
served too often to confuse rather than to assist him This is so because the 
background of physics, mathematics and physiology which the ordmary electro- 
cardiographer possesses is too superficial for a cntical evaluation of the facts 
and fancies presented Too many presentations of the subject make untenable 
assumptions of the constancy of certam variables m order to amve at a “simple” 
mathematical synthesis of the subject Some recognize the assumptions made 
at the start but too often lose sight of them m later developments, especially 
when the subject is taken over by enthusiastic and worshipful disciples Havmg 
once established a pomt of view, mvestigators often contmue to expand it imtil 
the superstructure of the theory becomes too heavy for the narrow pivot of fact 
upon which it rests This attempt to make the mterpretation of data yield 
more precise quantitative mformation than is justified by the crude mitial 
assumptions, is the basic fault m many mstances It is hoped that this wiU 
become apparent as this review is developed 

What has just been stated does not apply to the electrocardiographic mter- 
pretation of cardiac arrhythmias Here knowledge of the normal and abnormal 

1 The department is supported m part by the Michael Reese Research Foundation 
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physiology of impulse ongm and unpulse spread, of the refractory pcnod of the 
heart and of ite syncytml character is of vital importance The more the electro- 
cardiographer understands these fundamental properties, the more rational 
become hia interpretations However, this review will not deal with the ar- 
rhythmias except m so far 03 such knowledge helps account for the creation of 
electnc currents by the heart. 

Factort Involved tn (he Cenestt of the BUdrocardtogram The genesis of the 
electrocardiogram is but a special and perhaps more complex case of cellular 
electrophysiology Its features arc therefore basic m general physiology How 
over, any analysis of the electrocardiogram must concern itself with the fact that 
the electrodes used for recording currents are applied to the body surface at a 
distance from the heart. Even when one of the electrodes le placed over the 
precordium it is still a distant electrode Consequently, four principal factors 
are mvolved m this analysiB 

a The genesis and typical tune couree of the olectno states of the heart 
durmg activity and injury 

6 The laws govemmg the spread of current ivithm a volume conductor 

c. The mfhience exerted by the characteristics of the body as a conductor of 
eleotncity 

d The modifications mtroduced by variations of the anatomy and physiology 
of the heart. 

The Geneste and TwF'cal Tme Couree of the Eleclno Siaiee of the Beart during 
Admty and Injury A The eledrtc elate of reeling heart muede It is now well 
established that (a) the composition of living colls differs from that of the ambient 
extra-cellular fluid (72), and (b) that the surface membrane of cells is somi 
permeable It follows, therefore, that the restmg cell surface is electncally 
polarised , this polarity is such that tho charge on the msido is negative and that 
on the outside is positive It is not unlikely that other clectno charges exist at 
interfaces ivithm cells as complex as that of the heart cell sjncytium, but there is 
no reason to behove that these are mvolved in tho genesis of tho electric current 
recorded m the electrocardiogram The electnc characteristics of the cell 
surface may not bo as simple as suggested above For example Colo (69, 69A) 
has shown that durmg How of current across a surface membrane it possesses 
electnc properties of impedance, capacitance and mduotance Tho classical 
hypothesis of tho polanicd membrane, however, is adequate tor an understandmg 
of the genesis of the electrocardiogram. The magnitude of tho potential across 
the restmg cell membrane was found to be of tho order of 100 milhvolts in certam 
cello m which it can bo measured (62, 03) However at rest smeo, all parts of 
the coll membrane are mamtamed uniformly polanicd, no potential differences 
will exist within tho cell nor m tho medium surtounchng the cell, and no olcotno 
currents will flow 

B The alteratwne of the eledrtc elate dunng adtvxly It is now gcnerallj 
agreed that durmg acUvitj of a hvmg cell, tho permeability of its surface is 
altered, the impedance across the surface changes, tho ions which are responsiblo 
for tho polanied state of tho restmg cell migrate and that tho cell becomes 
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depolarized Recently Cole (63) observed that following depolarization a 
temporary reversal of polanzation occurs If confirmed, this would show that 
the process of local activation is not as simple as has been hitherto conceived 
This can be neglected for our purposes smce the magmtude of potential differ- 
ences and current mvolved is much smaller than that due to depolarization of 
the “restmg” charges 

The process of depolarization m any one region is not mstantaneous but of 
measurable duration This time plus that occupied m the propagation of the 
depolarization process throughout the cell surface determine the duration of 
the process of depolanzation Smce durmg this penod the electnc state of 
the cell membrane is not uniform, differences m potential are established within 
the cell and also m any conductmg medium surroundmg the cell, and electnc 
currents will flow while these potential differences exist 

When the depolarization is completed the cell may re main m the depolarized 
state for a vanable tune Durmg this time there is no reason to beheve ffiat 
any potential differences exist and hence no electnc currents will flow Thus 
the cell IS electncally qmescent even though it may, as m the case of a con- 
tractile organ like the heart, be undergomg changes m tension and m length 

The process of repolanzation, which follows soon after depolanzation, is de- 
fimtely slower than the process of depolarization Further, the pattern of 
depolarization need not have the same topographical distnbution as that of 
the depolanzation precedmg it The evidence is clear that m the case of 
the heart the duration of electncal systole, that is, the penod from the begm- 
nmg of depolarization until repolanzation is completed, is unequal m vanous 
sites of the ventncles (cf 164) Smce the electnc state of the cell is not uniform 
durmg repolanzation, potential differences are agam established and electnc 
current flows once more wnthm the cell and m any conductmg medium sur- 
roundmg the cell However, the potential differences are now not as great as 
durmg depolanzatiomsmce the process of repolanzation is slower If the topo- 
graphy of repolanzation m the cell were identical with that of depolanzation 
and if the duration of electncal systole were precisely the same m all parts 
of the cell (unhkely occurrences m the normal ventncles), then the potential 
differences durmg repolanzation would be opposite m sign to those m the stage of 
depolanzation and the area subtended by it would equal that subtended during 
depolanzation 

The theory outlmed above is widely accepted by students of electrocardio- 
graphy It 18 also agreed that these electnc phenomena are not manifestations 
of the mechanical responses of heart muscle, smce the time pattern of their 
occurrence is not identical with that of the mechanical phases (176, 339, 341) 
The details of the energetics and chemical factors mvolved m the process leadmg 
to electnc manifestations (223, 224) are not yet fully understood, but are not 
the concern of a review which deals only with the electnc phenomena them- 
selves For the genesis of the electrocardiogram it suffices to recogmze the 
foUowmg four states of the cell, viz a, the polanzed state of rest, 6, the state 
of depolanzation — durmg activation, o, the depolEinzed state of the active cell, 
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and d, the etoge of repolariiatioii — dormg lejtitution (or recovery) Further, 
it M important to appreciate that only durmg the process of depolarization 
and repolanzaticm do potential diBetcnces ^pear and eleotno currents flow 
The electrogram thus recorda a double lesponse durmg the heart cycle when 
the electrodes are placed on two imminied parts of the heart’s surface, an mitial 
large and bnef deflection and a longer and smaller fin al deflection, with an mtcr 
val between them This la the gencam of the P and waves of the aunclos 
and of the QRS complex, S-T segment and T wave of the ventnoles m the 
electrocardiogram. 

C The aUeratuma of the deelrtc etate dtmng injury Injury mvolvmg a part 
of the coll may do a number of things (of 318) 

1 Injury may completely depolarize a part of the surface of the affected 
cell, and hence this regum does not share m the activity of the rest of the cell 
Thera will bo potential differences during the reatmg jmlanicd state of the un 
injured part of the cell, because the cell membrane will not be uniformly polar 
ized, an mjury currant of rest will therefore be present During dojiolaniation 
of the immjured part thin potential difference will disapjiear smee the cell becomes 
completely depolarized, only to reappear again during repolanzation of the 
unmjured jiart Thus there will be an injury curraait of rest, but no injury 
current of activity An mjury of this type will result in a mcmophaaio electro- 
gram durmg the heart cycle if electrodes loadmg from an uninjured and an mjured 
part of the heart’s surface are ecsmected to a recordmg galvanometer The 
B-T deviatiana m the electrocardiogram caused by mjury can be accounted 
for on this basis. The appUcatian of potassnim to the surface of the heart 
appears to operate m this way (23) 

2 Injury may cause a partial, rather than a complete, depolanrabon of 
the region of the cell affected, but still leave it resjionaivo Durmg the reatmg 
stage, potential differences between mjured and unmjured regions will enst 
but will bo of smaller magmtude than m the case of complete depolarisation 
of the mjured part. Durmg activation the mjured part will also respond and 
BO the potential differences m the cell will disappear There will thus be a mono- 
phasic curve of smaller magmtude than in the precerling situation In this 
case also there will be only an Injury current of rest and no mjury current of 
activity This type of mjury is thus a variation of the prccedmg one. 

3 Injnrj while causmg only a partial dejuJanzation of the part of the cell 
affected may also make this area completely or partially unresponsive Durmg 
the resting stage the situation would be smular to that of the prccedmg cases 
in produemg an mjury current of rest, but the mjured part of the ccD would 
retain its partially polanzed state durmg acbvitj Thus, when the rest of the 
cell IS depolarised, potential differences of opfiosite directions to those previously 
existing would develop There would thus be not only an mjuiy current of 
rest but also cme of activity Agam a monophasic curve would be recorded 
when an injured and an uninjured part of the cell are connected to a galvanometer, 
and 8-T deviations would result in the electrocardiogram But the monophasio 
curve could cross the null point, once durmg depolaniation and again durmg 
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repoJanzation This appears to be the common effect of mjury produced ivith 
the suction (89, 93) or the pressure electrode (318) 

4 Injury may result m unresponsiveness of the injured region without af- 
fectmg its restmg polanzation, or mjury may lead to a region of block preventing 
the impulse from reachmg some part of the ceU Under these circumstances 
no mjury current would flow durmg the restmg state of the cell But during 
the activity stage, the mjured, or isolated, part of the cell would retam its surface 
polanzation ivhile the rest of the cell was depolanzed There would thus be 
an mjuiy current of activity but no mjury current of rest Agam a monophasic 
curve would be recorded when an mjured and unmjured (or blocked off) part 
of the cell were connected to a galvanometer, but it would not cross the null 
pomt It would cause S-T deviations m the electrocardiogram Cold appears 
to operate m this manner (23) 

5 Fmally mjury may cause a delay and protraction of the process of repo- 
larization in a responsive and fully polanzed or partially depolanzed part of 
the cell This would lead to an mjuiy current of repolanzation which would 
modify the appearance of the final deflection of the electrogram obtamed by 
connectmg the mjured and unmjured part of the cell (318) This would account 
for the T wave of mjury m the electrocardiogram If the mjured region were 
completely polanzed at rest, there would be no injury current of rest or activity, 
but only an mjury current of repolanzation If the mjured part of the cell were 
partially depolanzed there would be not only an mjury current of repolanzation 
but also an mjury current of activity It would account for the frequent com- 
bmation m the electrocardiogram of S-T deviations with oppositely directed 
T waves A vanant of this would be the case m which the mjured area was 
partially depolanzed, partially unresponsive and also had a protracted period 
of repolanzation Here there would be an injury current at rest, an mjuiy cur- 
rent durmg activity and an mjury current of repolanzation Injury currents 
of repolanzation may occur m areas of the ceU different from those givmg rise 
to the other types of mjury currents, usually the two areas are adjacent to each 
other (318) The amount of delay and protraction m the repolanzation of 
the mjured area may vary, accountmg for different degrees of mjury currents 
of repolanzation and vanous magnitudes and durations of injury T waves 

The exposition above will account for the genesis of the S-T and T wave 
deviations w'hich anse as a result of mjury It remams to pomt out that when a 
part of the mjured cell is partially or wholly unresponsive this will alter the 
appearance of the imtial deflection of the electrogram obtamed m connectmg 
an mjured with an unmjured area and also of the QRS deflection of the elec- 
trocardiogram smce the onentation of the potential differences dunng the 
process of depolanzation of the cell are altered (Some of the T wave alterations 
m mjury may be on a similar basis, namely, reonentation of the potential differ- 
ences durmg repolanzation because of absence of response of the mjured area ) 

The living cell ordmanly does not permit the state of mjury to persist but 
tends to restore the normal state Sometimes, however, the processes givmg 
nse to injury balance the restitution processes, and the mjury state is mamtamed 
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for long ponods of tame The newlj formed part of the polamed outface may 
enclose the injured area -nhich then 13 rcatored to the cell, or it may deiTlop 
at the junction between the mjured and unmjured parts of the cell, the former thus 
becoming dead tissue This development of n newly formed surface of polnn 
lation causes the mjUry pattern to change wth the paosoge of time It also 
accounts for the tendency for the effects of injury to change from mjury currents 
during rest and/or activity, causmg S-T deviations, to mjury currents dunng 
repolamatiou, causmg T changes. On the other hand, if a mild mjury became 
more severe, the reverse would take place As soon as recovery from mjury is 
complete, the mjury S-T demationa and T ivave alterations disapjiear Thus 
it may be stated catcgoncally that S-T deviations and T wave alterations of 
mjury mdicate the pcrsietence of mjury currents, whereas QRS alterations due 
to mjury need not disappear smeo they often remam when the mjured area has 
been replaced by necrotic or scar tissue 
Considerablo controversy has nnsen as to whether it is the mjured or the 
unmjured part of the cell which is responsible for the mjury currents (60, 61, 
80, 81, 89, 94, 102, 103, 120, 156, 168, 216, 225, 307, 308, 309, 310, 318 367, 369) 
The diacuEsian gi\ en above shoivs that both areas ate m\ olved If no mjured 
area 13 present, no mjury current will develop, and likewise if no part of the cell 
remams unmjured, no mjury current wiU occur Injury currents signify that 
part of the cell is mjured, but not all of it The source of the current is obviously 
ultnnately referable to that part of the cell which is polanred Dependmg on 
cucumstances this may be the unmjured or the mjured part, or both, and this 
can be worked out for the vanous effects of the mjury, as outhned above Actu 
ally, eijionence shows that the onset, duration and end of the monophasic 
curve defiends on the electrode placed over tho unmjured area rather than on that 
placed over the mjured area (166, 309, also cf 80) The modificabcm mtroduced 
when mdirect leads, or leads mvolvmg one electrode on the surface of the heart 
and the other at a distance are employed, will be discussed below 
The attempt to read mto the monophasic curve a senes of phenomena as has 
recently been deme (289, 290, 291, 292) has rightly been cntiased as a misinter- 
pretabon of artefacts m the record (llA, 80) Even with tho best technique 
the curves obtamed may not be pure mjury currents, but may contam some 
distorbcms, smec the electrode over tho mjured area may pick up currents from 
unmjured areas m tho neighborhood of the mjury 
D The eincyttal characier of the heart The heart is composed of a complex 
of spiral muscles arranged m sheaths and m bundles (262, 279) The muscle 
bundles of the auncles are distmet from those of the ventnoles, and separated 
from them by a fibrous tissue sheet at tho aunculo-vcntnculor junction to which 
the heart valves are attached In the mammal and bird there is ordmarily only 
one muscular bridge between the two, consistmg of neomorphic speciahscd 
muscular tissue This socalled aunculo-ventncular badge is made up of the 
aunculo-vontncular node and the common aunculo-ventncular bundle While 
some recent workers have questioned the spcciahicd character of this badge in 
the dog, monkey and man, because the histological differcnbation from ordmnry 
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repolanzation This appears to be the common effect of mjury produced wth 
the suction (89, 93) or the pressure electrode (318) 

4 Injury may result m unresponsiveness of the injured region -without af- 
fectmg its restmg polanzation, or injury may lead to a region of block preventing 
the impulse from reachmg some part of the cell Under these circumstances 
no mjury current rvould flo-w durmg the restmg state of the cell But durmg 
the acti-vity stage, the mjured, or isolated, part of the cell -would retam its surface 
polanzation -while the rest of the cell -was depolarized There would thus be 
an injury current of actmty but no mjuiy current of rest Agam a monophasic 
curve would be recorded when an mjured and unmjured (or blocked off) part 
of the cell were connected to a galvanometer, but it would not cross the null 
pomt It would cause S-T deviations m the electrocardiogram Cold appears 
to operate m this manner (23) 

6 Fmally injury may cause a delay and protraction of -the process of repo- 
larization m a responsive and fully polanzed or partially depolanzed part of 
the cell This would lead to an mjury current of repolanzation which would 
modify the appearance of the final deflection of the electrogram obtamed by 
connectmg the mjured and unmjured part of the cell (318) This would account 
for the T wave of mjuiy m the electrocardiogram If the mjured region were 
completelj’- polanzed at rest, there wmuld be no injury current of rest or activity, 
but only an mjury current of repolanzation If the mjured part of the cell -were 
partially depolanzed there would be not only an mjury current of repolanzation 
but also an mjury current of acti-vity It would account for the frequent com- 
bmation m the electrocardiogram of S-T de-viations with oppositely directed 
T waves A variant of this would be the case m which the mjured area was 
partially depolanzed, partially unresponsive and also had a protracted penod 
of repolanzation Here there would be an mjury current at rest, an mjury cur- 
rent durmg acti-vity and an mjury current of repolanzation Injury currents 
of repolanzation may occur m areas of the cell different from those gi-vmg rise 
to the other types of mjury currents, usually the two areas are adjacent to each 
other (318) The amount of delay and protraction m the repolanzation of 
the mjured area may vary, accountmg for different degrees of mjury currents 
of repolanzation and vanous magnitudes and durations of injury T waves 
^ The exposition above -will account for the genesis of the S-T and T wave 

1 de-viations which anse as a result of mjury It remams to pomt out that when a 
part of the mjured cell is partially or wholly unresponsive this -wiU alter the 
appearance of the imtial deflection of the electrogram obtamed m connectmg 
an mjured with an unmjured area and also of the QRS deflection of the elec- 
trocardiogram smee the onentation of the potential differences dunng the 
process of depolanzation of the cell are altered (Some of the T wave alterations 
m mjury may be on a similar basis, namely, reorientation of the potential differ- 
ences durmg repolanzation because of absence of response of the mjured area ) 

The li-vmg cell ordmanly does not permit the state of mjury to persist but 
tends to restore the normal state Sometimes, howe-ver, the processes gi-vmg 
nse to mjury balance the restitution processes, and the mjury state is mamtamed 
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for long penods of time The newly formed part of the polnnicd surface may 
enclose the injured area which then 13 restored to the cell, or it may dei-elop 
at the junction between the mjured and uninjured parts of the cell, the former thus 
becommg dead tissue This development of a newly formed surface of jjolnn 
labon causes the mjUry pattern to change mth the passage of time It also 
accounts for the tendency for the effects of mjury to change from mjury currents 
durmg rest and/or activity, causmg B-T devinbons, to mjury currents durmg 
repolarisation, causmg T changes. On the other hand, if a mild mjury became 
more severe, the reverse would take place As soon as recorery from mjury is 
complete, the mjury S-T devmtions and T wave altemtions disapfiear Thus 
it may bo stated catcgoncally that S-T deviations and T wave alterations of 
mjury mdicato the persistence of mjury currents, whereas QES alterations due 
to injury need not disappear since they often remam when the mjured area has 
been replaced by necrotic or scar tissue. 

Considerable controversy has arisen as to whether it is the injured or the 
unmjured part of the cell which is responsible tor the mjury currents (56, 01, 
80, 81, 89, 94, 102, 103, 126, 156, 188, 215, 225, 307, 308, 309 310, 318, 367 309) 
The diBOUBEion given above shows that both areas are mvolved If no mjured 
area is present, no mjury current will develop, and likewise if no part of the cell 
reraams unmjured, no mjury current will occur Injury currents signify that 
part of the coll is mjured, but not all of it The source of tho current is obviously 
ultunately referable to that part of the cell which is polarised Dejiendmg cm 
circumstances this may be the uninjured or the mjured part, or both, and this 
can be worked out for the various effects of the mjury, as outhned above Actu 
ally, expenence shows that the onset, duration and end of the monophasio 
curve depends on the electrode placed over the unmjured area rather than on that 
placed over the mjured area (160, 309 , also cf 80) The modification mtroduced 
when mdirect leads, or leads mvolvmg one electrode on the surface of the heart 
and tho other at a distance are employed, will be chBCussed below 

The attempt to read mto the monophasic curve a senes of phenomena as has 
recently been done (289, 290, 291, 292) has rightly been cnbciied as a mismter- 
pretation of artefacts ra the record (llA, 80) Even with the best technicjue 
the curves obtamed may not be pure mjury currents, but may contain some 
distortions, smee the electrode over the mjured area may pick up currents from 
uninjured areas m the neighborhood of the mjury 
D The sinej/ltal character of the heart The heart is composed of a complex 
of spiral muscles arranged m sheaths and m bundles (262, 279) Tho muscle 
bundles of tho auncles are distmet from those of the ventncles, and separated 
from them by a fibrous tissue sheet at the aiinculo-ventncular junction to which 
the heart v al ves are attached In tho mammal and bird there is ordmanly onlj 
one muscular bndgo between tho two, consisting of noomorphic sfiecinlixcd 
muscular tissue This so-called aunculo-ventncular bndgo is made up of tho 
auriculo-ventncular node and the common aunculo-ventncular bundle While 
some recent workers have cjuestioned tho spcciahrcd character of this bndgo in 
the dog, monkey and man, because the histological differentiation from ordinary 
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heart muscle as not as stnkmg as m other species (105, 106, 107, 108), the over- 
whel mm g mass of evidence shows its anatomical existence (37, 38, 58, 60, 64, 65, 
66, 67, 68, 178, 198, 201, 208, 209, 210, 235, 270, 272, 284, 293, 294, 327, 332, 333i 
334, 338, 378, 379) and, more important, shows it to be the sole bndge which 
permits the transfer of the impulse from the auncles to the ventncles The 
recent attempt to revive the hypothesis of the neurogenic transfer of the impulse 
from the auncles to the ventncles (105, 106, 107, 108) has not presented new 
evidence The controversy ragmg a quarter of a centuiy ago was finally settled 
m favor of the myogemc hypothesis of impulse transmission, and the evidence to- 
day stUl favors it (198, 294, 327) Of course, it is true that m mammals there 
may occasionally exist other muscular connections between the auncles and 
ventncles, hke the bundle in the lateral wall of the nght heart found by Kent in 
some herbivora In fact, a type of electrocardiogram with an abnormally short 
P-R mterval and an abnormally long QRS duration (the Wolff-Parkmson-White 
syndrome) has recently been explamed on the basis of such a congemtal by-pass 
This by-pass, m vanous locations, has actually been demonstrated at necropsy 
m such cases (240, 377) Further, it must be admitted that the aunculo-ventno- 

ular connective tissue partition is mdented by ventncular and auncular muscle 
so that it has corrugated surfaces To elucidate the r61e played m transmission j 
by muscle bundles penetratmg the aunculo-ventncular fibrous partition, a 
83^tematic survey of human hearts ivith senal wax model preparations is needed 
It appears unlikely that such a survey will alter the classical, widely accepted 
views of the nature and function of the aunculo-ventncular muscular bndge 

The auncular and ventncular musculature, therefore, each form a smgle umt, 
linked together by a narrow muscular bndge Each may be conadered as a 
syncytium While it may be argued on histological grounds that some of the 
cross-stnations divide the muscle mto distmct cellular compartments, from the 
pomt of view of the geneas of the electrocardiogram the muscle fibers of the 
auncles and those of the ventncles may be considered as each constitutmg a 
smgle though extremely complex syucytial cell On this h3q)othesis there is 
fairly complete agreement 

This concept of the syncytial nature of heart muscle is important m explammg 
the contmmty of the impulse transmission over the vanous chambers of the 
heart It readily explains why an mjured region ivithm the heart muscle which 
does not border on the endocardium or epicardium creates no external electnc 
field It explains why an impulse spreadmg radially m all directions from a point 
withm the heart muscle does not create an external electnc field until it reaches the 
endocardial, epicardial or the aunculo-ventncular fibrous partition surfaces If 
the myocardium were composed of discrete electncaUy polanzed cells rather than 
a smgle syncytial cell each for the ventncles and auncles, then mjury entirely 
withm the myocardium, unless it were such as to affect the entire surface of the 
cells mvolved, should on some occasion cause an external electnc field On the 
basis of discretely dischaigmg multiple cells, it would be difficult to account 
for the deflections occumng durmg the cycle of cardiac activity The potential 
differences occumng durmg depolanzation and repolanzation exist only as long 
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as the cell throughout its surface is not m an identical electno state There 
would be no reason to find a set of deflectiooa for auncular activity distinct from 
those of ventricular activity smce it is difficult to see how the spread of depolon 
latum and repolanoition over large numbers of discrete cells could summate m 
such a way as to give the large deflections of the electrical record obtamed from 
the heart. Such problems in explammg the electrocardiogram are avoided by 
acceptmg the view that the heart is made up of two cells, one composing 
the auncles, the other the ventricles 

E Other eowcee of electric currents in the heart From time to tune other 
sources of electncity have been mvoked to account for the various defleebems of 
the electrocardiogram (106, 202, 217, of 164) Frictional electncity, for 
example, has beoi suggested to explain the T wave, although the evidence has 
never appeared convincing While movements of the heart and changes m the 
electneal impedance (253, 288) dunng the heart cycle may modify the distn 
bubon of the electno currents they cannot bo considered as a cause for the 
electno forces which are created dunng the heart cycle The P and waves 
of the auncles, and the QRS deflection, the S-T segment end the T wave of the 
ventncles are adequately accounted for on the basis of the polarization hypothesis 
developed above One dUemma m the account of the deflections of the electro- 
cardiogram IS the causatiem of the U wave While a number of suggestions have 
been made to account for this deflection (138, 226, 227, 243, 312), its exact cause 
romams to be detenmned It is not unlikely that it is similar m character to 
the after-discharges found m nerve fibers, Wch occur also m the heart (46, 
311) 

F Topographs/ of impulse origin and spread The vanous deflections of the 
electrocardiogram depict the time course of the processes of depolaniation and 
repolanzation m the auncles and ventncles The meaning of this time pattern 
will become clearer once the spatial pattern of impulse ongm and spread as 
determined by their topography m the heart is clearly understood In this 
review only a bare outhne of this topography of the heart will be attempted, 
based on the classioal view which remains ascendant despite numerous attacks 
over the past four decades. The mechanisms of impulse mitiation and those of 
nnpulae propagation can not bo contidcred hero, nor can any detailed account 
be given of the anatomy of the muscular elements mvolvcd 

The impulse ongmates m the smus node located in the sulcus tenmnalis of 
the n^t nuncle, or more prcasely m the head of this node The sinus node is a 
neomorphic development of specialized musculature m which the pto]ierty of 
rhythimo discharge is highly dei-eloped It is also a tissue of slow conductinty 
With the discharge of the pacemaker m the node, the impulse breads slowly over 
this node and then enters the auncular musculaturo by way of transitirmal 
muscle fibers. In the auncles it appears to travel faster and following the 
mtneate brandung of the auncular musculature ultimately stimulates, that is 
dcpolanzcs, all parts of the auricles Socm after dopolanzabon, the depolanzcd 
auncular musculature repolanzcs with n topographical spread more or less similar 
to that followed by depolaniation so that the ordmary electneal record of 
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heart muscle is not as stnkmg as m other species (105, 106, 107, 108), the over- 
whelming mass of evidence shows its anatormcal existence (37, 38, 58, 60, 64, 65, 
66, 67, 68, 178, 198, 201, 208, 209, 210, 235, 270, 272, 284, 293, 294, 327, 332, 333,’ 
334, 338, 378, 379) and, more important, shows it to be the sole bridge which 
permits the transfer of the impulse from the auncles to the ventricles The 
recent attempt to revive the hypothesis of the neurogenic transfer of the impulse 
from the auncles to the ventncles (105, 106, 107, 108) has not presented new 
evidence The controversy ragmg a quarter of a century ago was finally settled 
m favor of the myogemc hypothesis of impulse transmission, and the evidence to- 
day stdl favors it (198, 294, 327) Of course, it is true that m mammals there 
may occasionally exist other muscular connections between the auncles and 
ventncles, like the bundle m the lateral wall of the nght heart found by Kent in 
some herbivora In fact, a type of electrocardiogram with an abnormally short 
P-R interval and an abnormally long QRS duration (the Wolff-Parkmson-White 
S3mdrome) has recently been explamed on the basis of such a congemtal by-pass 
This by-pass, m vanous locations, has actually been demonstrated at necropsy 
m such cases (240, 377) Further, it must be admitted that the aunculo-i'entnc- 
ular connective tissue partition is mdented by ventncular and auncular muscle 
so that it has corrugated surfaces To elucidate the r61e played m transmission 
by muscle bundles penetratmg the aunculo-ventncular fibrous partition, a 
systematic survey of human hearts with senal wax model preparations is needed 
It appears unlikely that such a survey will alter the classical, widely accepted 
views of the nature and function of the aunculo-ventncular muscular bndge 

The auncular and ventncular musculature, therefore, each form a smgle umt, 
hnked together by a narrow muscular bndge Each may be considered as a 
syncytium While it may be argued on histological grounds that some of the 
cross-stnations divide the muscle mto distmct cellular compartments, from the 
pomt of view of the genesis of the electrocardiogram the muscle fibers of the 
auncles and those of the ventncles may be considered as each constitutmg a 
smgle though extremely complex syncytial cell On this hypothesis there is 
fairly complete agreement 

This concept of the syncytial nature of heart muscle is important m explammg 
the contmuity of the impulse transmission over the vanous chambers of the 
heart It readily explains why an mjured region withm the heart muscle which 
does not border on the endocardium or epicardium creates no external electnc 
field It explams why an impulse spreadmg radially m all directions from a pomt 
wnthm the heart muscle does not create an external electnc field until itreachesthe 
endocardial, epicardial or the aunculo-ventncular fibrous partition surfaces If 
the myocardium were composed of discrete electncally polanzed cells rather than 
a smgle syncytial cell each for the ventncles and auncles, then mjury entirely 
withm the myocardium, unless it were such as to affect the entire surface of the 
cells mvolved, should on some occasion cause an external electnc field On the 
basis of discretely dischargmg multiple cells, it would be difficult to account 
for the deflections occumng durmg the cycle of cardiac activity The potential 
differences occumng durmg depolanzation and repolanzation exist only as long 



THS GENESIS OE THE EEEOTROCARBIOOnAM 


405 


fa the cell throughout its surface is not in an identical electno state Thoro 
would be no reason to find a set of deflections for auncular activity distinct from 
those of ventricular activity smce it is difficult to see how the spread of depolan 
ration and repolanzafion over large numbora of discrete cells could summate m 
such a way as to give the largo deflectrons of the electncal record obtained from 
the heart Such problems m explainmg the electrocardiogram are avoided by 
acceptmg tha mow that the heart is made np of tiro cefis, one composmg 
the auncles, the other tbo ventnoloa. 

S Olher smircea of eUctnc currents tn the heart From tune to tunc other 
sources of eleotnaty have been invoked to account for the vanous deflections of 
the electrocardiogram (196, 202, 217, cf 164) Fnctional eleotncity, for 
example, has been suggested to explam the T wave, although the evidence has 
never appeared convmcmg While movements of the heart and changes m the 
electncal impedance (263, 288) during the heart cjcle may modify the distn 
bution of the eleotno ourrents, they cannot be consdercd as a cause for the 
electno forces which are created during the heart cycle The P and ivaves 
cf the annoles, and tha QRS deflection, tho S-T segment and the T wave of the 
Tentnehs are adequately accounted for on the basis of the polarization hypothesia 
developed above One dilemma m the account of the defleotions of the electro- 
cardiogram la the causaticm of the U wave While a nttraber of suggestions have 
been made to account for this deflection (138, 226, 227, 243, 312), its esact cause 
remams to be detenmned It is not unlikely that it is similar m character to 
the after-discharges found m nerve fibers, which occair also m the heart (45, 
311) 

P Topography of tmpulee ongm and tpread The lanous deflections of tho 
electrocardiograin depict the time course of the processes of depolaniatioa and 
repolanxation m the auncles and ventncles The meaiung of this tune pattern 
win beccano clearer mioe the ^latlal pattern of impulse ongm and spread as 
doteimmed by their topography m the heart is clearly understood In this 
temew only a bare outline of this topography of the heart will bo nttemptod, 
baaed on tho classcal mew which remains asceadant despite numenaiB attacks 
over the past four deendea The mechanisms of impulse inibatlon and those of 
impulse propagation rnn not be considered here, nor can any detailed account 
be given of the anatomy of the muscular elemaats mvolvcd 

The impulse ongmates m the smus node located m the sulcus tenmnahs of 
fhe n^t auncle, or more precisely in the head of this node The smus node is a 
*^*omorphic development of specialiied musculature in which the property of 
rhythmic discharge is highly developed It is also a tissue of slow cmiducti Tty 
Wth the discharge of the pacemaker m the node, the impulse spreads slowly over 
this node and then enteis the nunoular musmdaturo by way of transitional 
muscle fihera In tho auncles it appears to travel faster and following the 
intricate branchmg of the auricular musculature ultimately stimulates, that w 
depolatiics, all parte of the auncles. Soon after dcpolaniation, tho depolarized 
sancular musculature repolanrcs with a topographical tpread more or less similar 
to that followed by depolanzation so that tho ordinary electncal record of 
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heart muscle is not as stnkmg as m other species (105, 106, 107, 108), the over- 
whelming mass of evidence shows its anatomical existence (37, 38, 58, 60, 64, 65 
66, 67, 68, 178, 198, 201, 208, 209, 210, 235, 270, 272, 284, 293, 294, 327, 332, 333,' 
334, 338, 378, 379) and, more important, shows it to be the sole bndge which 
permits the transfer of the impulse from the auncles to the ventncles The 
recent attempt to revive the hypothesis of the neurogenic transfer of the unpulse 
from the auncles to the ventncles (105, 106, 107, 108) has not presented new 
evidence The controversy ragmg a quarter of a century ago was finally settled 
m favor of the myogemc hypothesis of impulse transmission, and the evidence to- 
day still faA ors it (198, 294, 327) Of course, it is true that m mammals there 
may occasionally exist other muscular connections between the auncles and 
ventncles, like the bundle in the lateral wall of the nght heart found by Kent in 
some herbivora In fact, a t 3 rpe of electrocardiogram with an abnormally short 
P-R mten'al and an abnormally long QRS duration (the Wolff-Parkmson-White 
syndrome) has recently been explamed on the basis of such a congemtal by-pass 
This by-pass, m vanous locations, has actually been demonstrated at necropsy 
m such cases (240, 377) Further,it must be admitted that the aunculo-ventnc- 
ular connective tissue partition is mdented by ventncular and auncular muscle 
so that it has corrugated surfaces To elucidate the r61e played m transmission 
by muscle bundles penetratmg the aunculo-ventncular fibrous partition, a 
systematic survey of human hearts ivith senal wax model preparations is needed 
It appears unlikely that such a survey will alter the classical, widely accepted 
views of the nature and function of the aunculo-ventncular muscular bndge 

The auncular and ventncular musculature, therefore, each form a smgle umt, 
hnked together by a narrow muscular bndge Each may be considered as a 
ssmcytium While it may be argued on histological grounds that some of the 
cross-stnations divide the muscle mto distmct cellular compartments, from the 
pomt of view of the genesis of the electrocardiogram the muscle fibers of the 
auncles and those of the ventncles may be considered as each constitutmg a 
smgle though extremely complex syncytial cell On this hypothesis there is 
fairly complete agreement 

This concept of the syncytial nature of heart muscle is important m explainmg 
the contmmty of the impulse transmission over the vanous chambers of the 
heart It readily explams why an mjured region wthm the heart muscle which 
does not border on the endocardium or epicardium creates no external electnc 
field It explains why an impulse spreadmg radially m all directions from a pomt 
withm the heart muscle does not create an external electnc field until it reaches the 
endocardial, epicardial or the aunculo-ventncular fibrous partition surfaces If 
the myocardium were composed of discrete electncaUy polanzed cells rather than 
a smgle syncytial cell each for the ventncles and auncles, then mjuiy entirely 
withm the myocardium, unless it were such as to affect the entire surface of the 
cells mvolved, should on some occasion cause an external electnc field On the 
basis of discretely dischargmg multiple cells, it would be difficult to account 
for the deflections occumng durmg the cycle of cardiac activity The potential 
differences occumng durmg depolanzation and repolanzation exist only as long 
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Harris (127, 128) TOth adjacent punctuate electrodes on vanous spots of the 
heart are more portment The discropancies in the observations of the vanous 
investigators can be explamed on the basis of differences m the state of the 
exposed hearts studied and the adequacy of the entena used to detcmime the 
amval of the impulse locally The results are m agreement, howeier, m showmg 
1 ,thht stimulation of the external surface of the heart is not simultaneous and that 
the impulse often reaches regions far apart more nearly simultaneousl} thnn 
adjacent parts, and 2, that the total time occupied m stimulatmg the surface of 
the ventncles is much shorter than the duration of the QR8 complex The latter 
18 jiartly due to the time occupied m stimulatmg the regions of the i entncles not 
bordermg the external surface and partly due to the fact that the depolaniation 
process m any re^on occupies time, which is significant when compared with 
the transmissiaa tune over the ventncles 

It IS not foaable as yet, as some have attempted, to depict the exact details of 
the spread of the impulse through the auncles or ventncles. We are m ignorance 
of too many factors to be able to do this However, some general comments on the 
direction of impulse spread m the average normal human heart can be made 
In general in the auncles, the impulse spreads ventrally, caudally and to the left 
This IB adequatelv explained <m the basiB of the location of the smus node m the 
upjier nght portion erf the auncles and the assumption that there is a fairly 
■uniform rate of spread through the auncles. There is no reason to asBume tho 
presence of speaahied conducting paths or of synaptic hke junctions (25(1, 267, 
268), nor is there need to assume that the impulse preferentially follows tho spiral 
sheets and bundles of muscle 

In the case of the ventncles the situation is more complex. The impulse 
mvades the septum before the outer xvalls of the ventncles In the septum the 
muscle fibers proper appear to be reached first m two sites, one beneath the 
endocardium of tho nght and the other beneath that of the left x'entncle, both 
sites being some distance below the aunculo-ventncular fibrous junction Tho 
impulses from these tw’o sites soon meet somewhere between the two endocardial 
surfaces. At the same time, the impulse frtmt spreads radially through the 
septum parallel to its endocardial surfaces, in each region tho subendocardium 
being mvolved earher than the deeper layers. The impulse front reaches the 
aunculo-ventncular junction before the apex and mterventncular grooves. After 
Te&chmg the aunculo-'VEntncular junction the impulse front contmues to spread 
toward the apex and at the same tune toward the antenor and postenor mter 
ventnculor grooves On reachmg the mterventncular grooves the impulse front 
spreads ox'er the lateral ivalla of the nght and left ventncles. The front coining 
from the antenor mterventncular groove and spreadmg m two directions meets 
that from the posterior mterventncular groove, also spreadmg in two directions, 
about midway on the lateral surfaces of the nght and left ventncles. The order 
of junction of the imjndse fronts In the nght and loft ventncles is not prcdiotable 
since the termmalnet workm the nght heart travels obhquely from endocardium 
to opioardlum while that of tho left is nearly perpendicular to the endocardial 
surface (1), makmg up for tho shorter distance across the tbmnor right ventn 
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auncular activity shows two deflections, the P an Ta waves, opposite to each 
other 

In due course, the impulse in the auncles amves at the aunculo-ventncular 
bndge descnbed above and, passmg through transitional fibers, it enters the 
aunculo-ventncular node This node is also a neomorphic development of 
speciahzed muscle with anatonaical and phj^siological properties resembling those 
of the sinus node The claim that a special musculature bndge connects the 
two nodes (241, 242) appears to be unfounded except as a rare anomaly Because 
the impulse travels slowly m nodal tissue, a delay m the transmission of the 
impulse to the ventncles is found Once the impulse has passed the aunculo- 
ventncular node, it enters directly into the common aunculo-ventncular bundle, 
then its bundle branches and the tenrunal net- work of speciahzed muscular fibers 
This latter system also is a neomorphic development of speciahzed muscle In 
the common aunculo-ventncular bundle the character of the tissue qmckly 
changes to the charactenstic Purkmje fibers which are capable of rapid trans- 
imssion of the impulse It has been shoum that except for the upper part of the 
mterventncular septum, the termmal net-work penetrates all parts of the ventn- 
cular musculature (1, 2, 4) The bundle branches and the Purkmje net-work he 
under the endocardium but the net-work also penetrates to the epicardium m 
all parts of the ventncles The impulse therefore spreads simultaneously over 
many parts of the ventncles by means of this rapidly conductmg temimal 
net-work, but m each locahty amvmg at the endocardium before reaching the 
epicardium An objection to tms view raised by Robb (263, 267, 271) has 
recentlj’’ been withdraivn by her (264) In each part of the ventricles the impulse 
passes from the termmal Purkmje net-work via transitional fibers to the ventn- 
cular musculature proper Thus the entire ventncular musclature is depolanzed 
by a multitudmous senes of quickly succeedmg local impulses rapidly dissemi- 
nated b}’^ the termmal net-work This rapid spread makes the time of depolan- 
zation of the more massive ventncles of the same order of duration as that of the 
auncles, i e , the QRS duration is of the same order as the P duration Repolan- 
zation of the ventncles does not follow their depolanzation as quickly as is the 
case m the auncles, so that a depolanzed state expressed by the S-T segment is 
recorded m the ventricles The electncal systole of the ventncles is much longer 
than that of the auncles Repolanzation of the ventncles does not follow the 
same topographic pattern as depolanzation smce the duration of electncal 
systole m the vanous parts of the ventncles shows considerable vanation Hence 
m many of the leads of the electrocardiogram the T wave is not opposite to the 
direction of the QRS deflection 

Many attempts have been made to depict the amval of the impulse over the 
surface of the ventricles with vanous types of electncal cormections m a number 
of species (2, 24, 88, 90, 91, 104, 123, 127, 128, 198, 199, 237, 257, 258, 271, 336, 
343, 346) The data obtamed with electrodes on vanous mjured parts of the 
heart connected to a distant electrode can be dismissed as not smtable Obser- 
vations with the differential electrode, with electrodes on vanous immjured parte 
of the heart connected to a distant electrode, and the more extensive data o 
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Hama (127, 128) with adjacent punctuate electrodes on vanoua spots ot the 
heart are more pertinent The discrepancies in the observations of the various 
investigators can be explained on the basia of differences m the state ot the 
exposed hearts studied and the adequacy of the entena used to determine the 
amval of the impulse locally The results are m agreement, however, m showuig 
1 , that stimiilation of the external surface of the heart is not sunultaneous and that 
the impulse often reaches regions far apart mote nearly simultaneously than 
adjacent parts, and 2, that the total time occupied in sthnulatmg the surface of 
the ventnclcs is much shorter than the duration of the QKS complex. The latter 
IS partly due to the tune occupied in stimulating the regions of the v entncles not 
bordermg the external surface and partly duo to the fact that the depolarization 
process m any region occujnes tune, which is sigmficant when comjmred with 
the transmission tune over the ventnoles. 

It IB not feasible as yet, as some have attempted, to depict the exact details ot 
the spread of the impulse through the auricles or ventncles We are m ignorance 
of too many factors to be able to do this. However, some general comments on the 
direction of impulse spread m the average normal human heart can be made 
In general in the ouncles, the impulse spreads ventraDy, caudally and to the left 
This IB adequately explained on the basis of the location of the sums node m the 
upper nght portion of the auricles and the assuroption that there is a fairly 
uniform rate of spread through the auricles. There is no reason to assume tho 
presence of speaaliied conducting paths or of synaptic like junctions (2St!, 267 
268), nor is there need to assume that the impulse prefercmtially follows the spiral 
sheets and bundles of muscle 

In the case of the ventricles the situatian is more complex The impulse 
invades the septum before the outer walls of the v'entncles. In the septum the 
muscle fibers proper appear to bo reached first m two rates, one beneath the 
endocardium of the right and the other beneath that of tho left ventricle, both 
rates bemg some distance below the aunculo-ventncular fibrous junction The 
Impailses from these two sites soon meet somewhere between the two endocardial 
surfaces At the same tune, the impulse front spreads radially through the 
septum jperallel to its aidocardial surfaces, m each region the subendocardium 
bemg mvolved earher than the deeper layers. Tho impulse front reaches the 
aunculo-ventncular junction before the apex and mterventncular grooves. After 
reaching the aunculo-ventnoular junction the impulse front contmues to spread 
toward tho apex and at the same time toward the antenor and postenor mter 
ventncular grooves. On rcachmg the mterventncular grooves the impulse front 
spreads over the lateral walls of the nght and loft v entncles The front coming 
from the anterior mterventncular groove and spreading in two directions meets 
that from tho postenor mterventncular groove also sproadmg In two directions, 
about midway on the lateral surfaces ot tho nght and left v entncles Tho order 
of junction of the impulse fronts in the nght and left vcntnclcs is not prediotable 
since the terminal net work m tho nght heart trav els ohhquely from endocardium 
to opioardium while that ot the left is nearly perjiendicular to tho endocardial 
surface (1), making up for the shorter distance across the thmnor right ventn 
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cular wall However, it can be predicted as a general rule that the basal part 
of the lateral wall of both ventncles is stimulated last smce the horizontal 
circumference of tbe heart is greatest at the base Throughout, the subendo- 
cardium IS stimulated ahead of the subepicardium and the papillary muscles 
appear to be stimulated ahead of adjacent muscle 

The Laws Governing the Spread of CurrerU in a Volume Conductor Some 
consideration must be given to the laws govemmg the spread of current 
m a volume conductor m order to appreciate the effect of the electee forces 
created m the heart upon the electrocardiogram recorded by electrodes located 
some distance from the heart Space does not permit more than a superficial 
handhng of this problem, the reader is referred to several excellent summanes 
for a more detailed and mathematical handhng (13, 27, 61, 299, 314, 356, 367) 

The simplest case of a volume conductor is that of a large fimte electecally 
homogeneous sphere with the source of electee current at its center If the source 
of current be considered a simple small cell which dunng its cycle of activity shows 
a wave of depolarization on its surface and then a wave of repolanzation, the 
basic concepts can be expressed m simple terms In the completely polarized 
restmg state, it can be demonstrated that no potential differences exist m the 
outside conductor and no currents flow Assuming the cell surface to be uni- 
formly polanzed, aU pomts m the external conductor are at the same potential, 
namely zero Some confusion has arisen m considenng this problem because no 
clear distmction was made between the charge on the cell surface and its potential 
Thus, accordmg to the laws of sphencal condensers it can be shown that the 
potential m the region outside of the cell and at its outside surface will be zero 
even though a positive charge is located on the outside of the cell surface (177, 
316) 

Dunng depolarization, potential differences will be set up and currents will flow 
m the outside medium While the actual source of the current is the polanzed 
membrane remainmg on parts of the cell surface, the effect can be accurately and 
more simply expressed by considenng that the current is caused by a surface 
(or a senes of surfaces) at the junction between the polanzed and depolarized 
parts of the cell at any moment The charge of this theoretical surface is onented 
so that the positive charge faces the polanzed part of the cell and the negative 
charge faces the depolanzed part of the cell, and the intensity of the charge on 
the postulated surface is assumed to be identical with that on the actual polanzed 
surface of the cell A smgle imagmary surface will be adequate for the case 
where the process of depolanzation at the moment is confined to a small region, 

1 e , that the rate of depolanzation of any area is extremely high compared to 
the rate of propagation of the process to adjacent areas If, however, the process 
of depolarization is relatively slower, then more accurate representation is 
obtamed by assummg a senes of planes Ipcated at the sites where each mcrement 
of depolanzation is takmg place Thus, if the mtensity of charge of the polanzed 
membrane is considered to be N umts, there would be N surfaces placed at the 
junctions where one umt of charge has been lost, each havmg a charge of one 
umt onented as m the simpler case desenbed above Ordmanly m depolanzation 
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little IS lost if it is assumed that a smgla theoretical surface depicts the facts, 
smce the senes of surfaces which more accurately portray the facts would be 
very close to one another 

During repolnnration, however, since repolarmtion of each region occupies 
much more tune than does its depolansation, the senes of theoretical surfaces 
would be farther apart and more error is mtroduced by reducmg them to a smgle 
theoretical surface Nevertheless this may sUU bo done to simplify the solution 
provided one rcahies the limitations of tho method When this is done, the 
dngle theoretical surface appears to have a smaller charge dunng repolaniation 
then durrng depolansation The onentation of the charges on the theoretical 
surface durrng rcpolonsation is such that the positive charge faces the part of 
the cell already polarised and the negative charge faces that part still depolarised. 

With the consideratian of such imagmary surfaces, the potential of anj pomt P 
in the outaide medium would have the sign of tho charge of the theoretical surface 
facmg it The magmtude of the potential at P would be a function of the 
intensity of the charge mi the theoretioal surface and of the sohd angle subtended 
from the point P to the edge boundmg the theoretical surface Thua if the pomt 
P faced the side of the theoretical surface havmg a positive charge it would have 
a positive potential And the mtensity of the potential of the point P would 
bcreaae 1, the closer it was to the theoretioal surface, 2, the larger the nm of the 
theoretioal surface , 3, the greater the mtenoty of charge of the theoretical surface , 
and 4, for pomts at equal distance from the center of the theoretical surface, the 
smaller tiie angle between the hne connectmg the pomt P to tho center of the 
surface and the hne from the center of the theoretioal surface drawn perpendicular 
to It. In this fashion the hnes of potential differences and the hncs of current 
flow m the external field can be mapped out and tho deflection produced in a 
galvanometer connected to any two pomts m the electee field predioted. 

With some modificatians these rules wiH apply also to the case where the else 
of the oonductmg medium is not so large and where it is not sphenoal 

This concept of theoretical surfaces serves to link the membrane theory with 
the facta observed in the case of the heart withm the body It explama the 
findmg of a diphamo deflection with brusque transition durrng activation ohtamed 
when an electrode placed on the sufface of the aunole is connected to one placed 
at a distance m the oonductmg medium It is on improvement of Lewis’ concept 
of “limited potential differences" (108) as developed by Cnub (61) and most 
clearly onunemted by Wilson (367) 

This view of a theoretical surface can also bo apphed to the case of mjuiy 
currents. The theoretical surface of the restmg mjured cell would be at the 
junction between the injured and uninjured parts Tho charge on tho theoretical 
surface would bo of a magnitude equal to the mtensity of the charge on tho un- 
injured region mmus that on the mjured part of the eeU. Tho positive charge of 
the theoretical surface would face the unmjurcd part of tho eeU and the negative 
charge the injured port of tho cell During activity, if the injured port of the 
cell had retamed a polamcd state, the theoretical surface would r emain but have 
its charge reversed and of different magmtude Durrng stimulation the IseV 
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of response of the injured part of the cell, when such unresponsiveness existed, 
would alter the moment to moment orientation of the theoretical surface which 
would have existed if no mjury were present, and dunng repolanzation the 
effects of mjury m retardmg the repolanzation of the injured part of the cell 
would also modify the moment to moment onentation of the theoretical surface 
which would have existed if no mjury were present 

This concept of a theoretical surface will explain the findmgs 1, that an injury 
current is obtamed when an electrode is placed on an mjured part of the heart 
and connected with an electrode distant from the heart, 2, that this current can 
be reversed by movmg the electrode on the heart to an umnjured region adjacent 
to the mjury (80, 81, 89, 94, 156, 369), and 3, that this current decreases in 
magnitude rapidly when the electrode on the heart is moved farther away from 
the site of mjury smce the angle subtended by the postulated surface diminishes 
rapidly 

The theoretical surface concept makes it simpler to follow the events durmg the 
heart cycle and dunng mjury smce the charge givmg nse to the electnc field 
can be considered as located at the junction between depolanzed and polanzed 
parts of the cell, that is, at the junction between activated and restituted parts 
of the ceU, and the junction between mjured and unmjured parts of the cell 

The problem of foUowmg events dunng activation and restitution m the case 
of a complex cell like the auncles or ventncles can be simphfied by this theoreti- 
cal surface concept Take the case of the auncles Ordmanly the impulse 
spreads from a small area, from the smus node, over the walls of the auncles 
caudad, ventrad and to the left, ignonng minor vanations The theoretical 
plane is therefore at nght angles to this spread comciding with the wave front, 
with the positive charge ahead of the negative As it travels over the nght auncle 
the length of the run of this theoretical plane mcreases Actually the wave 
front is a double rmg, the mside nng on the subendocardial and the outer on the 
subepicardial aspect of the auncle and the theoretical surface bemg the surface 
between these rmgs approximately normal to the endocardial surface Smce it 
IS assumed that the mtensity of the polanzed surface of the auncular syncytium 
IS uniform, the mcreasmg length of the run of the theoretical surface ivill cause 
the potential differences to wax -without much change m direction As the 
impulse spreads over the left auncle and septum, the length of the nm -will tend 
to decrease, causing the potential differences to wane Dunng this tune, how- 
e-ver, there -wiU be a shift m the general direction of the impulse spread to the 
left rather than caudad On the assumption that the topography of repolan- 
zation m the auncles follows closely that of the depolanzation, the theoretical 
surface for repolanzation -will have the same charactenstics as that dunng 
depolanzation but 1, the charge wdl be reversed, and 2, the theoretical surface 
•will have a less mtense charge 

Take the case of -the ventncles As outhned earlier, two theoretical surfaces 
would start m the mterventncular subendocardial surfaces and meet and fuse 
Durmg this tune no potential differences would appear unless one of these 
impulses started ahead of the other, and even then the potential differences 
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created -would not bo large becauBo the two theoretcal Burfacea -nould have 
oppositely duected charges. Apparently, under ordinary aroumstances the 
stnnulation via the left bundle precedes that via the right, maltin g the theo- 
retical plane entenng the aeptum from the left larger than that from the right 
After the two theoretical aurfacea meet the further spread of the impulse -would 
be radial in the septum, and an expanding narrow cyhndncal thoorcticnl aurface 
■would bo prerent for a tune No potential differences i\ ould arise (except tor the 
amall differences e-rplamcd above) until tbe cyhnder front reached the aunculo- 
■ventncular connective tissue partition From that tune on the narrow cyhnder 
■will be open at the top and the part facmg toward the apex -will therefore bo 
unbalanced Smee it can be shown that regardlesB of how complei the theorebcal 
surface actually is, it m turn is equivalent to the smallest surface encompasang 
Its nm, such a new theorebcal surface can be considered ns representmg the 
condibons at this tune In short, tbe potcnbal field will be determined by this 
imagined recondary surface at the top of the septum, the posibie charge of which 
faces the apex and the negabi-e the auricles. This surface will expand until 
the entire junebon of the septum with the aunoulo-ventncular parbUon has been 
depolanied The mtensity of the potenbal differences will therefore grow The 
field -will be such as to have its positive potentials caudad, ventrad and to the 
left, that IB, m the same general direebon as in the field created during auricular 
atimulabon 

As the impulse reaches and spreads through the lateral walls of the i entncles, 
some tune before the a hole base of the septum has been stimulated, the situabon 
becomes more complex. Tho details hai e been briefly desenbed aboi o Suffice 
It to say that the four wave fronts of impulse spread tend to neutralise one 
another except that any theorebcal surface present on that part of the impulse 
front which mo\ es toward the apex w dl be unopposed by any oppositely charged 
theorebcal surface ns soon as the wave front reaches the aunculo-ventncular 
junebon Should the base of the heart bo completely activated before the apex 
then the field created n mild conbnue in general to bo maintamcd m the direction 
found dunng atimulabon of the septum ard will wax and wane If, hoiiovor, 
portions of the base of the heart are aobvated after the apex Is completely 
stimulated, os is commonly the case, then the field will bo morhedly altered in 
its direction toward tho end of the depolaniation phase 

Injury of the heart situated m a comduotmg medium alters the electrical 
defleobons obtained Dunng depolanration ol the vcntnclcs, the absence of 
response of the mjured ares leaves unbalanced certam theorebcal surfaces vi-hich 
ordmanly would be counterbalanced by the requmse of tho mjured area, and so 
the QHS complex is altered This is esjiecially prominent when a precordial 
electrode is used over an injured area of the anterior surface of tho heart This 
alteration of QR8 will persist when the area becomes necrobo or is replaced by 
scar tissue In roahty a new “wmdow” Is opened m the nail of the ventncle 
Hence QRS changes as a result of mjury occur equally readily nbethcr tho region 
is alive and injured, or dead, necrobo or scarred 

Both dunng tho dopolanicd and rejiolanscd state, the differences m polari 
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zation between the injured pnd uninjured parts of the ventncles will set up a 
new theoretical surface giving nse to the injury current of rest and/or of activity 
Its orientation will determine the potential differences m the field and so will 
detenmne the S-T deviation of mjury Dunng repolarization the lag and pro- 
traction (or absence) of the repolanzation process m the mjured area wdl ^ter 
the charactenstics of the theoretical surface at this tune and set up the T wave 
alterations of mjury 

Vector analysis In a large finite ^hencal homogeneous conductmg medium 
with the heart m the center, the electnc forces could be resolved dunng the 
heart cycle mto a senes of successive vectors which alter m magmtude and 
direction This is so since the electnc forces have quantity, sign and dueobon, 
and can be added and resolved accordmg to the law of vectors It is m such a 
situation that an equilateral tnangle can be created to calculate the manifest 
potential vectors m the frontal plane In this situation also a tetrahedron 
composed of equilateral tnangles, or a cube, can be created to calculate the actual 
three dimensional vectors 

Unfortunately the actual situation m the body is such that the attempts to 
detenmne the true vectors of the heart are extremely crude and give only a 
rough approximation of the momentary forces which exist m the heart (163) 
This IS true for a number of reasons 1 , the torso of the body which constitutes the 
conductmg medium is not sphencal, 2, it is not a large field compared to the 812 ® 
of the heart (this can be appreciated by companng the size of the fist to that of 
the torso) , 3, the heart is not m the center but is closer to the sternum than the 
back, closer to the arms than to the legs and closer to the left than the nght arm, 
4, the hmb leads used m obtammg the vectors m the frontal plane actually do 
not form an equilateral tnangle (163), and 6, the body field is not composed of a 
homogeneous conductmg medium (85, 167, 169, 173, 200), the lungs, for example, 
bemg poor conductors compared to the muscles of the back (169, 200) The 
view held by Wilson’s laboratory that the electncal conductivity of the lungs is 
httle different from other tissues is based on impedance measurements with 
extremely high frequency of altematmg current (176) Such high frequency 
measurements are not apphcable, smce m electrocardiography we are concerned 
with fluctuatmg currents of much lower frequency Actual experiments with 
msulation of vanous surfaces of the heart show clearly that the lungs are much 
poorer electncal conductors than blood, hver or muscle (169, 200) This gives 
certam parts of the heart a greater mfluence over others m creatmg the electnc 
field of the body 

These discrepancies between conditions m the body and those postulated as 
ideal conditions for vector analysis are significant enough so that vector analjrsis 
such as has been attempted can give only a crude approach to the actual vectors 
existmg dunng the heart cycle Of course a rough idea of the direction and 
possible magmtude of the vectors can be obtamed, but the approximation to the 

actual vectors remams to be estabhshed 

Another factor of importance is that the heart is so large that when electrodes 
are placed on certam parts of the body surface, as over the precordium, equa 
areas of the heart do not subtend the same angle at the electrode, consequently 



THE GENESIS OF THE BLECrEOOAEDIoaHAM 


413 


they have unequal eleotnc effeota Heduction of the electno forces to a sm^ 
vector is madequate since the part of the heart beneath the electrode plays a 
dommant rdle while more distant parts play a lesser rflie because the contribution 
of a grven area of a polarised membrane to the potential is a function of the 
distance from the electrode and of the electrical conductivity of the mtervenmg 
tissues In this sense, and m this sense only, can the precordial electrode bo 
considered a senudlrect electrode Under these circumstances it is difficult to 
see how a tetrahedron or cube cun give more than a rough appronmation of the 
true three dimensional vector Attempts to get such sterooveotograms are thus 
only rou^ approximatitaiB. 

The construotion of vectograms and storeovectograms (0, 27, 63, 64, 70, 74, 
79, 136, 137, 149, 160, 161, 162, 164, 302, 303, 304, 306, 319, 320, 321,322,323, 
328, 329, 361, 380, 881, 382, 383), the time course respectively of the vector m 
the frontal plane and m three dimenmons, may give a crude picture of the summa 
tion of the electno forces ousting m the heart from moment to moment durmg the 
heart cycle, and can help to approximate the character of the forces in vanous 
circumstances On a purely empino basis they may prove to be of diagnoetio 
value in various mroumatances, but they have not yet been found to serve this 
purpose Even if this were occomphshed, it cannot be considered that they 
actually d^ict the true summatiou of the electno forces of the heart cycle except 
in a distorted fashion 

The attempt to summate the vectors durmg depolamation, durmg repolan 
sation and durmg the entire ventncular electncal systole, the resultant vectors 
bemg known respectively as the QRS vector, the T (or more properly the 3-T T) 
vector and the ventncular gradient, (11, 12, 16, 16, 17, 18, 19, 20, 97, 168, 212, 
213, 364, 368) may also prove ultimately to be of practical value However, 
these BummationB introduce other errors which may become misleading For 
example, the QES vector of the frontal plane ma> give an identical value m the 
case a deep Qj and Qi (ie , a deep Qm leads 2 and 3) as m the case of a deep 

and Sj and yet the frontal vectogram (ne , a graph of the instantaneous 
vectors throughout the heart cycle) will be entirely different under these two 
circumstances. Agam the 8-T-T vector caused try an inverted coronary Ti 
and T| and an elevated S-T» and B-Tj may be identical with that obtamed when 
Tt and T| are upright and 8-Tj and 8-Tj are depressed, and yet the frontal 
vectogram will he entirely different m the two cases. Such summated vectors 
,may thus conceal significant differences and the ventncular gradient derived 
from them may also be non revealmg Of course, it is true that the measure- 
ments of the ventncular gradient can help to estimate whether a change m the 
B-T segment and T wave are due to positional alterations of the heart on the tmo 
hand, or to injury, heart strain or some mffuence selectively affectmg the re- 
polarisation process on the other In our expenence, however, examination of 
the contour of the electrocardiogram m the limb leads and chest leads will tetve 
this function as well if not better (164) The latter method will m fact avoid 
the imphcation that the solution is a mathematical one and therefore neccssarilv 
the correct one 

It can bo seen from the discussion above that there ore two opposmg viewpomts. 
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One overlooks individual vanabihty and seeks a simple mathematical solution 
The other is perturbed by the maccuracies of the mathematical approach and 
fears that by following it important vanables may be neglected There is ment 
m both approaches provided zealots do not overestimate or underestimate the 
relative ments of the opposmg viewpomts Considerable work remains to be 
done m definmg the hnuts of both pomts of view It is as much an error to deny 
the possibdity that the true electnc forces of the heart can be reconstructed from 
the electrocardiogram as it is to affirm that at the present time the estunated 
vector IS adequate, fairly accurate and sufficiently informative for ordmary use 
So-called unipolar leads Another experimental approach remains to be dis- 
cussed and that is the attempt to obtam the actual potentials of smgle points m 
the conductmg medium (25, 52, 55, 111, 112, 113, 114, 116, 129, 179, 219, 220, 355, 
356) For practical purposes there is httle to be gamed from these attempts but 
the problem of a smtable method to accomphsh this is mtngumg If one were 
dealmg with an mfimte sphere of a homogeneous conductmg medium the potentials 
of smgle pomts might be measurable but with the situation as it exists m the 
human body this is not stnctly possible although approximations may be obtained 
The use of the central termmal connected to the three extremities through 5000 
ohms each has been widely discussed (cf 366) Even the proponents who mtro- 
duced this method recogmze that while the central termmal may show less 
fluctuation m potential than any smgle distant electrode, it need not be at 
constant zero potential (317, 356) For example, it can happen that all three 
hmb electrodes may some time dunng the heart cycle be m the negative field 
while the positive field is concentrated around the antenor precordium or vice 
versa Under these circumstances the central termmal will also have a negative 
potential (or a positive one) greater than that of one or more electrodes to which 
it IS connected Durmg this tune it will be a “worse” contact for obtammg the 
true potential of the explonng electrode than some other smgle electrode Gold- 
berger’s so-called augmented umpolar lead (111, 112, 113, 114, 116) fails on 
theoretical groimds to meet even the requirements set up for the Wilson terminal, 
especially when it is connected to only two of the three hmb electrodes Other 
attempts to obtam the true potential of the explonng electrode have been made 
One procedure is to immerse the body m a metal hned tub filled wnth a strong salt 
solution (51, 52, 78, 219), the patient breathmg by way of a tube passed up 
through the bath The entire metal linmg of the tub is used as the mdifferent null 
electrode This is probably as close to a null electrode as one can obtam, but is 
not too practical A vanant of this procedure is to employ a broad metal covenng 
of a large part of the body which should approach a null electrode more nearly 
than the central termmal of Wilson (179, 220) However, it w ould appear that 
an absolute nuU electrode has not yet been perfected 

Great care must hkeivise be employed m usmg precordial leads to determine 
the tune of amval of the impulse beneath the chest electrode (356, 367, 3^) 
since distant effects obscure the so-called mtrmsic deflection especially when t e 
electrode is not placed over the region of sohd dullness 

The Influence Exerted by the Characteristics of the Body as a Conductor of n 
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cxly In the last Bcction it waa pointed out that the body differs from the ideal 
spherical oonductmg mednim of large finite sue and that on this account variables 
are mtroduced which make accurate calculation of the vectors impossible These 
charactenstica of the body aa a conducting medium also affect the character of 
the electrocardiogram Their variation in different individuals and in disease 
affect electrocardiographic contour Some of these qualities have unimportant, 
others more sinking effects 

Persons vary m the relative diameters of their torsos. The body field of a 
fat perscHi is different from that of a tlun mdividuaL It is doubtful, however, 
that these changes in body shape have any significant mfluence on the electro- 
cardiogram except as they are accompanied by rotation of the heart 

More significant and commonly overlooked is the effect of variations m the 
electncial conductivity of the medium adjacent to the heart For example, m 
emphysema where the lungs, abnormally distended by air, encroach upon the 
heart and morease the msulation around it, the potential differences set up m 
the external field tend to be smaller and current flow would laigely be confined 
to the heart and pencanhum As a result, the amphtude of the deflections m 
the electrocardiogram tends to become smaller Likewise pencordial or pleural 
effumons lying close to the heart are good electnoal conductors and tend to shunt 
the external field which is of higher resistance, thereby decreasmg the current 
flow through the body field Hence, here too, the amplitude of the deflections 
of the electrocardiogram decreases. The presence of focal pleural effusions or 
of oemsohdationfi in the lungs near the be^ tend to produce changes m the 
eleotnc field of the body and to modify the electrocardiographic contour In 
short, olterationB of the character of the electrical conductors adjacent to the 
heart modify the field created and thereby alter the recorded electrical deflections 
(163) Such changes could affect the magmtude of the Nectors reconstructed 
from the electrocardiogram, without affecting the onentation of the olectnc 
forces withm the heart. 

The Vanattona IrUroduced hy Mod\fieaUon of the Anaiomy and Phystohyy of 
the Heart Vanations m the anatomy and ph^-siology of the heart are far more 
important than vanations m the character of the body field m determming 
electrocardiographic contour 

1 Vanattona in the norinal heart The recent experience of the war when 
eloctrocardiograms on la^ numbers of normal persons w’erc taken has clearij 
shown the wide range of variation of the “normal" electrocardiogram caused by 
differences between mdividunla. Conaiderablo variation la also found m the 
same individual in the course of i^mg These \Tination8 with age determme the 
different normal hmita of the electrocardiogram in mfants, children and adults 
The details of the anatomic and physiologic differences of normal hearts m the 
vanouB age groups not be considered here (cf 164, 172, 282) They depend, 
as do the variations in normal contour m any age group, on 1 , the shape and size 
of the heart, 2, the position of its \anou8 axes m relation to the body, and 3, 
vanations m the conduction paths for the impulse and in the location of the 
impulse origin 
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The shape of the heart and the relative size of its vanous chambers show some 
vanation This i s particularly stnkmg when one compares the heart of an infant 
with that of an adult But even m the adult there is a considerable range m 
shape of the heart Take for example the heart m which the diameter from base 
to apex IS longer than the other two diameters and compare it "with a heart m 
which the reverse is true In the first case, assuming uniform rate of impulse 
spread, the arrival of the impulse at the apex of the septum will be delayed as 
compared with its amval near the base of the an tenor and posterior mterventn- 
cular grooves In the second case, the impulse will reach the apex sooner than 
the basal parts of the lateral walls of the ventncles at the mterventncular 
grooves Obviously the topography of the spread of the impulse will be suffi- 
ciently different m the two cases to vary the QRS configuration One could 
wnte as extensive a treatise on the effects of such and other differences in the 
shape of the heart on the QRS vector as Ashman has on the effect of normal 
changes m the heart’s position (97) 

The subject of variations m the normal position of the heart has been covered 
extensively elsewhere (6, 6, 14, 97, 367) and need not be recapitulated here It 
16 apparent that this is of importance m accountmg for the wide range m contour 
of the vanous deflections of the normal electrocardiogram 
A similar effect can be demonstrated for vanations m the anatomy and function 
of the specialized muscle of the heart from which the impulse ongmates and over 
which it spreads Changes in the P wave may come about not only because of 
altered shape of the auncles or alterations m the position of their axes relative 
to the body but also because the pacemaker may be located m the body or tail 
of the smus node mstead of the head Similar P wave contour changes may occur 
when the site at which the impulse leaves the smus node is different from the 
usual pomt of exit, even though the pomt of its ongm has not shifted 

The anatomy of the speciahzed conductmg system m the ventncles shows a 
normal range of variation from one heart to another, and these variations together 
with the vanations m the speed of impulse transmission through the vanous 
elements of the bundle branch system and the associated termmal Purkmje 
net-work participate m the production of variations m the configuration of the 
ventncular deflections m the electrocardiogram 

Not enough attention has been paid to the factors just discussed, namely, the 
variations in the normal anatomy and physiology of impulse ongm and spread, 
the normal variations m size and shape of the heart and the normal vanations ra 
the location and properties of the electnc conductors adjacent to the heart m 
comparison to the extensive consideration given to the normal vanations m the 
location of the axes of the heart As a result, the latter have been given undue 
emphasis and some workers have resorted to nebulous terms like “electrocardio- 
graphic vertical position of the heart” to explain certain patterns of the electro- 
cardiogram not revealed by fluoroscopic or x-ray exammations of the heart 
2 Variations in the abnormal heart Changes m shape, size and position of the 
heart play an important r61e m detennmmg the electrocardiographic contour in 
the abnormal heart (184) Dilatation of the vanous chambers, displacements of 
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the entire heart and rotation on the vanoua axes of the heart are common m 
dieeaao and play a agnilicant rftle m doterminmg the appearance of the electro- 
cardiogram These factors have only recently been given adequate conalderation 
m evaluatmg abnonnahtiea of the electrocardiogram 

Heart disease also produces electrocardiographic alterations by causmg hyper 
trophy of the vanous chambers loadmg thercbj to heart stram patterns. These 
come about because of the prolongation and altered manner of impulse spread m 
the hypertrophied chamber -which prolongs the time of depolnnzation to a shght 
degree, alters the balance of eleotno forces durmg this tune and tends to make 
the pattern of repolansation follow more nearly the pattern of depolarisation in 
tune and space than is nommUy the case 

Other pathological changes m electrocardiographic contour are caused by 
regions of ischemia and mjurj By icodmg to unresponBive areas, to mjury 
currents of rest, of aefanty and/or of repolansation, they are responsible for 
msTi y modifications of the electrocardiogram Sometimes these are sufficiently 
stnkmg so os to constitute specific patterns easily recognisable m the electro- 
cardiogram 

Disease may modify the eiectrocardiogram by altenng the speed of ropolarisa 
tion m the whole heart or m different parts of the heart Finally, disease leads 
to abnormalities m electrocardiographic contour by displacing the location of 
impulse ongm and by produemg delays or blockage m vanous parts of the path 
over which the Impulse spreads. 

Drugs operate m fashiims rimilar to disease m causmg electrocardic®aphio 
alterations. 

It is the task of the electrocardiographer on the basis of experience and some 
knowledge of the theory of the genesis of the electrocardiogram to mterpret 
properly the abnormahties m its contour How this is accomplished has been 
considered at length elsewhere (164) A major aim of these efforts to unravel 
the genesis of the electno forces of the heart must be the advancement of the 
abihty to properly evaluate the eleotroconUogram for clinical utihty 

BOimAmr 

Tbo present review oancems itself with the theoretical aspects of the electro- 
cardiogram. Current theories and findmgs are cntlcally evaluated from the 
author’s vnewpomt. 

The subject Is developed under the folloivmg four beadmgs 

0 The genesis and typical tune course of the electno states of the heart durmg 
activity and injury 

b The laws governmg the spread of current mthm a volume conductor 

c The influence exerted by the charaetonstics of the body as a conductor of 
electricity 

d The modifications introduced by variations of the anatomy and phynology 
of the heart. 

a The genesis of the oleotnc states of tho heart is discussed m terms of the 
classical hypothesia of polarisation, depolarisation and rcpolarisation of tho cell 
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surface corresponding to rest, activity and recovery, respectively Modem 
refinements of these concepts do not significantly modify the classical concepts of 
the production of the mam deflections recorded in the electrocardiogram 
Alterations of the normal record caused by regional mjunes to the heart muscle 
are explained and classified accordmg to the mode of action of mjury, mjuries 
may be such as to produce changes during rest, activity or the recovery phase, or 
lead to a combmation of these The present state of the problem of neurogenic 
versus myogenic impulse spread and of the syncytial character of heart muscle 
IS discussed The view is expressed and defended that, some recent evidence 
to the contrary, myogenic transrmssion accounts for the spread of the impulse, 
and that, on the basis of their syncytial character, the auricles and the ven- 
tncles each acts electncally as a smgle cell A bnef detailed topographical and 
chronological account is presented of the spread of the impulse as the basis on 
which the t3TJical time sequence of the deflections seen m the electrocardiogram 
can be imderstood 

h A discussion follows of the modification mtroduced mto the recordmg of 
the electee states of the heart produced by the circumstance that the recordmg 
electrodes are placed at a distance from the source of current These modifi- 
cations are considered m terms of theoretical charged surfaces mterposed between 
polanzed and depolanzed regions of the heart which alter m position and direction 
of charge as the sources and sinks of current shift durmg the heart cycle The 
mfluence of mjuiy upon such theoretical charged surfaces is also considered 
Next, the attempt to summate the electee forces created durmg the heart cycle 
m terms of vector analysis is presented Its mam limi tation is seen m the fact 
that the mitial assumptions from which the analysis proceeds are, as yet, crude 
oversimplifications which must lead to a distorted picture of events m the 
heart 

c Aside from the distortions generally mtroduced by considermg the body as 
a large sphere of homogeneous conductmg properties with the heart at its center, 
mdividual distortion may be mtroduced by pathological vanation of the con- 
ductmg media next to the heart 

d Considerably more importance is attached to the effect of modifications m 
the anatomy and physiology of the heart itself m altermg the contour and tune 
pattern of the normal electrocardiogram As examples of such modifications of 
the normal heart are discussed differences m size and shape between the mfantile 
and the adult heart, the effect of vanations m the relative length of the two mam 
heart diameters from one heart to another, and the well worked out effect of 
vanations m the position of the mam axes of the heart with respect to the body 
Of even more stnkmg effect than these normal vanations are, of course, patho 
logical vanations m the anatomy and physiology of the heart which are en- 
countered m disease 
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The passage of materials across a membrane consistmg of cells, e g , the capil- 
lary wall, requires a consideration of several structural and enviromnental fac- 
tors Environmental effects may be mediated through chermcal action on the 
structure of the membrane, or th^r may be mechamcal through the exertion of 
pressure on the membrane The effects of the mechamcal factor may be purely 
a matter of degree, vanations m the amount of matenal passed through m a 
given time occurrmg without changing the permeabihty characteristics of the 
membrane, or they may be quahtative, distendmg and thereby mcreasmg the 
porosity of the membrane Even when considermg the mterrelations of purely 
extrinsic factors such as hydrostatic and osmotic pressure, it js necessary to take 
mto account both quahtative and quantitative effects on the flmd-exchange 
across the membrane The action of specific chermcal substances obviously m- 
volves quahtative changes In this regard an understandmg of the structural 
components of the membrane is of prune importance Moreover, smce we are 
deahng with a hemodynamic system, we must treat the permeabihty of the mem- 
brane m relation to the multiphcity of factors which control the penpheral dis- 
tribution of the blood 

On the basis of structural factors conditiomng the passage of matenal across a 
cellular membrane we may distmguish three types (1) The permeabihty of one 
depends entirely on the cells constitutmg the membrane This type is exemph- 
fied by secretory epithehum m which the constituent cells perform work m selec- 
tively absorbmg matenal from the environment on the one side, passing 
it through the cytoplasm, and expeUmg it to the environment on the other side of 
the ceU An example of this kmd is the waU of the renal proximal tubule m 
which a one-way permeabihty is so pronounced that even water is dnven through 
m one direction against an osmotic pressure gradient (2) The hydrostatic pres- 
sure developed withm such a tubule may be so high that the tubule distends and 
the constituent cells become compressed from their normal cuboidal to a flat 
pavement shape Moreover, this can occur without affectmg the one-way , selec- 
tive permeabihty of the membrane 

Any cellular membrane which depends for its permeabihty on its constituent 
cells must be highly selective The life of a cell is conditioned by its abihty to 
mamtam a differential between the environment of the ceU and its mtenor 
Concepung the penetration of substances mto and then escape out an m- 
dividtial ceU, much mveatigation has been done and speculation advan ut 

even the speculations have never gone so far as to assume that a ceU can serve as 

■1 Present address Dept of Medicine, Cornell University Medical College, New York, 
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an mdiBcnminate thoroughfare for all material exiating withm certam critical 
dimensloiia of site If the passage of malcnals into a cell, through its cytoplasm 
and out to the other side, is a sole property of colloidal and hj drostatic pressure 
differences, then our irhole concept concerning cell life falls to the ground 

The second type of cellular membrane has a permeabihty m which both the 
constituent cells and the mtorcellular material take part Hocbcr (3) has pre- 
sented evidence for such an occurrence m the mtestinal mucoea. In this type, 
the Booretory activity of the cellular constituents predominates so that the com 
position of the fluid passed through the membrane is a mixture of secretion and 
mtercellular diffusion products 

The third type of ceUulor membrane is one m which the permeability depends 
primarily on the mtercellular cement-substance The rile of the cells would then 
bo that of building blocks and be responsible mainly for elaborating the cement 
which hes between them and holds them together 

The relatively undiscnminating nature of the permeability of the wall of the 
blood capillary classifies the endothchum as a cellular membrane of this third 
type ’ In other words, the permeability rfilo of the constituent cdls would bo 
decidedly subordmnte to that of the mtorcellular substance, otherwise the en 
dothehal cell would hai e to be so porous as to make it difficult to conceive how 
such a body of protoplasm can maintain the highly specific attributes of a Ixvmg 
cell (of Krogh (4)) 

The more fact of the thmness of the endothelial cell does not necessarily mdi 
cate that it possesses tho wide range of permeabihty of the capiDaiy wall Layers 
of hvmg protoplasm as thm as tho endothelium possess a high dt^ree of selectivity 
in their perraeabtlitj to substances in solution For example, the protoplast 
Burrounding tho vacuole of a mnrme plant cell, Valonia, is only a few microns 
thick, neverthdess it maintains a pronounced degree of ionic difference between 
the fluid in the vacuole and the surrounding medium 

For water and for nonelectrolytee of sufficiently small dimensions, e.g , COi and 
Oi, passage mto and through a cell may occur by physical diffusion depending on 
concentration gradients and differences of osmotic and hj drostatic forces on the 
two oppoeito sides of the cell On the other hand, the cellular transport of dec 
trolj'tea hns been recogmted only in secreting cells through a mechanism in 
volving expenditure of energy beyond tho basal requirements for vital integnty 
Tho endothehal cell maj serve in the physical transfer of water and presumably 
of dissolved gases but the permeabihty of the endothelial wall for substances 
such as all electrolytes, large nondoctrolytes and colloidal suspensions b, except 

• There are special laitances when the composition of tissue or body fluids in a particular 
regional area cannot be explained by rimple ultra filtration throURh the wall of blood vea 
eels e g synovial fluid aqueous liuruor cerebro spinal fluid extracellular fluid of brain 
tissue etc In these cases the barrier betwoen the blood and the particular bod> ca> it> is 
double consisting of an endothelial covered by an epithelial la>er Since the eWdence 
overwltclmmgly Indicates that the cndolhelb! layer acts as a simple ultrafilter a secretory 
mechanism of the epithelial layer is probably responsible for tho Bolectlvo ponuoablllty of 
the barrier 
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for particle size, so non-selective that the cell physiologist would prefer to relegate 
their passage to some constituent of the wall other than the hving endothebal 
cells 

The alternative is the unhkely occurrence of active uptake by cells through a 
complex process of phagocytosis on an ultra-microscopic scale The uptake by 
hvmg cells of particulate matter is weU recogmzed as phagocytosis This process 
of mgestion has been extended to the uptake of coUoidal dyes by means of ultra- 
microscopic phagocytosis On the other hand, the only known mechanism for 
the elimination of such particles is either by a dissolution of the cell containing 
the particles or by a pmchmg-off of a bleb of cjixiplasm enclosmg one or more 
particles This must mvolve expenditure of energy and a complex mechanism 
It would be highly uneconomical for endothebal cells to use this method rou- 
tmely m transferring particles from the lumen of the blood vessel to the outside. 
Florey (5) mjected starch grains mto the blood stream and found some lying in 
the endothehum and others outside His claim for their passage through the 
endothebal cell is by inference only Field and Drinker (6) observed the 
passage of calcite particles through the endothelial wall The slowness of the 
passage led them to postulate uptake by the endothebal cell from the blood and 
ejection on the other side of the wall However, passage through spaces in a 
cement substance, which presumably is sticky, may also be slow Moreover, the 
physical consistency of the cement substance between the cells must be such as to 
permit the passage of particles of coUoidal size up to aggregates and even leuco- 
cytes and red blood cells 

The material between the cells can act as a physical filter without the expendi- 
ture of energy, a mode of filtration stressed by Landis (11) Such a filter could 
exhibit vanations m its limi ting porosity of vessels m different tissues and also in 
the same tissue under different environmental conditions Likewise, the findings 
of Abell (7) that newly developmg blood capillanes are more highly permeable 
than later, suggest the gradual development of an mterendothehal cement Wil- 
brandt (8) cites the limitmg porosity of the capillanes m the glomerular tuft of 
the kidney to be that of a molecular volume of 68,000 The uppermost limit of 
porosity of a cell membrane has never been claimed to be m excess of 342, the 
molecular volume of saccharose A route other than the cell proper should be 
postulated m order to account for the passage, m bulk, of molecular aggregates 
through the endothebal wall 

The term, capillary permeabihty, has been loosely used without discnminatmg 
between those phenomena which are mdirect m their action, i e , through forces 
m the blood and surroundmg tissues which do not affect the mtnnsic property of 
the membrane bamer itself, and those which are direct, i e , through factors 
which mduce actual changes m the composition of the capillary wall 

A search of the hterature reveals the lack of clear-cut evidence for definmg the 
type of permeabihty referable to the changes bemg discussed Mai^ of ^e 
fluctuations m tissue-blood exchange which have been descnbed as endence or 
altered capillary permeability may not mvolve actual changes m the strurture o 
the capillary wall Such fluctuations are to be attabuted rather to e rmsio 
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phanomenfl, such as fluotuatioiis m hydrostatJo pressure, factors regulating pon 
pheral blood flow, avidity of extra-capillaty tissue for either solute or solvent, 
under normal or experimentally induced conditions, etc Alterations m per 
meability to be ascribed to changes in the membrane would be of primary impor 
tancc m pathological phenomena. Under normal conditions it is highly probable 
that factors exist which mamtam the capillary wall in a stable physico-chemical 
state. An elucidation of these factors must distinguish between effects on dif- 
ferent components of the capillary wail. 

Abohitectuhu op the cspmLABY WALL. There is good evidence for the exis- 
tence of three structural components of the capillary wall, variations of each of 
which may alter conditions affeotmg the passage of materials through the wall 
These are the endothelium per ee, consistmg of pavement-like colls, and an mter 
cellular cement, an endocapfllary linin g, which is non-cellular and is possibly 
derived from the oreulating blood protems, and third, a pencapiUnry sheath, 
which serves as an outer, supporting layer with charaotenstics common to the 
surrounding cormcctivo tissue matrix. 

1 The CapiUary Endctheltum The outstanding component of the capillary 
wall IS the endothdium proper, the barrier nsuall} considered ns regulating the 
passage of matermls from blood to the surrounding tissue. Most discussions 
assume that the exchange across the endothelial membrane mvolves the endo- 
theiial cells end DamelU (9) has gone so far as to postulate a continuous plasma 
membrane as the oondibomng factor m capillary permeabflity A more likely 
alternative, based on the highly porous character of the capillary wall, is to 
relegate a promment rAle to the mtorcellular cement actmg as phyacal ultra 
filter 

Insistence on the cell as the prunary route for tissue-blood fluid exchange would 
necessitate considering the endotheliai cell as a radically modified, parchment-like 
cell remnant, an unwarranted assumption since the endothelial cell is known to 
possess fundamental properties of a hving cell It is capable of changing its form 
and sice, it possesses tone, it is imtable and reacts to prodding, it undergoes 
mitotic drvisian and, m common with Imng ceUs, ita nucleus is a promment struo- 
ture which can be stamed with basio dyes only after death. The concept that 
the endothelinl cell plays a subordinate r#le m the exchange across the capillary 
wall docs not imply that the cells are not vitally concerned m maintainmg the 
capillary wall as a living structure Aside from theu- functions m repair and 
regeneration there is evidence (10) that the endothelial cell elaborates the cement 
substance which binds the cells into a continuous membrane 

The concept of capillaty permeabihly presented m this review is based on the 
properties of the non-coUidar components of the capillary wall The mtercdlular 
cement substance serves as a filter, the selectivo properties of which depend upon 
vanations m its porosity The passage of materml through such a membrane 
would depend upon the number, sue, shape, distribution and othe" properties of 
the pores of the cement also upen the nature of their coating and the extent to 
which the pores can bo plugged 

A quantitatii e consideration of the passage of substances through the oapll 
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lary wall must take into account the surface area of the cement relative to that 
of the cells available for filtration Landis (11) cites figures to show that the 
filtration rate across the capillary wall occurs at 3 7 X 10“® cc /cm Vmm /atmoa 
This IS approxunately 100 tunes the value for the permeabihty to water of the 
arbacia egg as computed by Luckd Wilbrandt (cf 8) made a comparison of the 
absolute water permeabihty of red blood cells, leucocytes, fibroblasts, arbacia 
eggs and amoebae -with that of a blood capillary wall On the basis of equal pres- 
sure, area and time, he arrived at the same value as that of Landis, i e , the per- 
meabihty of the blood capillary to be 100 X that of a hvmg cell Let us assume 
that the endothehal wall is 99 per cent cellular and 1 0 per cent mtercellular and 
let us also assume that the permeabihty of the mdividual endothelial cell is the 
same as that of cells which have been measured Then m 1 sq cm of capiUaiy 
wall we would have 0 01 sq cm of mtercellular cement having a high permea- 
bihty and 0 99 sq cm surface of the cellular constituent having a low permea- 
bihty The permeabihty constant as found by Landis could refer to only the 
one hundredth part of the square centimeter wall consistmg of cement substance 
Let us unagme 1 sq cm of wall consistmg entirely of the cement substance The 
permeability constant of this 1 sq cm area would be larger by a value of 4 orders 
of magmtude than a comparable area consistmg only of cells Thus, any sbght 
change in the nature of the cement should enormously affect the permeabihty of 
the endothehal wall The pore size m the cement may vary under different con- 
ditions, e g , mechanical stretchmg of the membrane or by changes m the chemical 
nature and pH of surroimdmg medium Such changes may influence the amount 
of flmd which passes m a given time Furthermore, a mere change m shape of 
the pores from an elhptical to a circular, will change the Imutmg porosity of the 
membrane to colloidal constituents without affectmg the rate of water exchange 
( 12 ) 

InterceUvlar cement In view of the relative importance of the mter-endothelial 
cement it is necessary to discuss factors concerned with the mamtenance of its 
physical state The early mvestigators, Rmger, Herbst, Overton, stressed the 
existence of a reversible, orgamc calcium salt which serves as a cohesive substance 
for bmdmg cells together The physical state of the cement can be vaned by 
changmg either the pH or the calcium content of the medium (cf 10) This 
non-cellular constituent of the capillary wall was recognized by Cohnheim in his 
earlier papers about 1867 and by Arnold m 1887 who claimed that a loosening of 
the cement substance may become so great as to result m the formation of stig- 
mata through which diapedesis occurred Rabl, m 1893, suggested that the 
mter-endothehal lines, made visible with silver mtrate, were due to the formation 
of a silver proteinate 

The capillary circulation m the frog’s mesenteiy has proven to be an excellent 
region for experimental studies on the r61e of the mterendothehal cement (cf 10) 
Artificial perfusates containing ash-free gelatin were used, the calcium ^ntent 
and pH of which were varied within viable hmits The gelatm was used smw 
without it the Emger’s solution, even with the normal complement of calcium an 
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at the blood pH of 7 4, soon resulted In excessive edema indicatmE an abnormal 
penneabibty of the capiUanes 

Changes m the physical state of the mter-endothehal cement could be detected 
by the adhesiveness to it of carbon particles suspended in the circulatmg per 
fusate. An moreosed stickmg mdicatcd a softening of the cement Adhesive- 
pess of India ink to the endothelium has generally been taken, e^ by Landis, to 
mdicate abnormal mcrease of penneabibty Under normal conditions only 
occasional particles of carbon adhere to the a essel wall When the nadity of the 
perfusate was mcreased or its calcium content was decreased there occurred an 
mcrcased sticking and accumulation of the carbon particles especially along the 
mter-endothehal hnes of the capillary walL The softemng of the cement was 
accompamed by a marked edema. The accumulation of the carbon along the 
endothelial hnes indicated where the outward filtration of flmd was most pro- 
nounced. When excess calcium was present no such accumulation of carbon 
occurred along the inter'-endothehal Imes, moreover, no edema developed 
Under normal conditions the cement is being continually replaced This ivas 
graphically demonstrated by applymg a small quantity of 10 per cent sil-i or mt- 
rate with a imcropipette to the surface of a capillaiy The mter-endothehal 
lines immediately blackened and, as the blood flow contmued, a blackened, amor 
phouB material dropped off mto the stream. The absence of any sign of leakmesa 
or visible alteration in the flow indicated a contmuous replacement of the cement 
as it was washed away Micro-trauma invansbly is accompanied by mcreased 
leakiness in the affected area With more severe trauma a striking phenomenon 
IS the appearance of transparent, glutmoua masses exuding from the inner wall 
These mosses made obvious by the carbon sticking to them, slough off and are 
earned downstream The increased porosity of the vessel wall is mdicated by a 
dowing of the blood stream as it approaches and passes by the nffooted region 
In the region of sluggish flow the red cells become crowded together After a 
few mmutea the normal rate of flow returns with a recoverj’ of the capUlnty wall 
to its former normal state. The reversibihty of the phenomenon, from the de- 
velopment of a leaky state to eventual recovery, indicates a reconstitution of the 
cement which had been lost following the initial injury 
The suggestion is offered that an important rftle of the endothelial cell is the 
daboration of an mtercellular cement, the chemical stabihty and reactii itj of 
which control the pormeabihty of the blood capillnrj 
2 EniocapiUary Layer Another component of the capillary wall is a thin, 
non-cellular laj er lining the inner surface of the endothehum. Its formation has 
been ascribed to the adsorption of a blood protem (13) 

DnnicUi, in studies on perfused hind legs of the frog has offered mdiroot evi 
dcnco for an adsorbed protein layer based on differences in the porositj of the 
capillar} wall which occur with variations in the colloidal content of the perfu 
Sion fluid He used a \ anet} of colloids m isosmotic concentrations and found 
the order of reintli e efficienc} in prev entmg edema, i e , reducing capillar} per 
menbihty to bo scrum > acacia > o\ albumm > hemoglobm Ho postulated that 



442 


ROBERT CHAMBERS Ain) B 'W. ZWEIPACH 


certain blood proteins have a specific tendency to be adsorbed on the walls of 
the capillary pores and suggested that the particle size of the colloidal constitu 
ents play an important r61e Such an adsorption mechanism would explam the 
findings of Krogh and Harrop (14) and of Drmker (16) that the edema caused by 
a perfusate of 3 per cent gum acacia can be markedly reduced by the addition of 
small amounts, e g , 10 per cent, ofiblood serum 

Damelh also brought up the mterestmg pomt that certam basic proteins, e.g , 
clupem, added to serum, cause an increase m capillary permeabdity when the 
perfusate is kept at a constant pH He suggested that the increased permea- 
bihty IS due to a displacement of the adsorbed plasma protem layer by the more 
highly surface-active clupem which forms a much thinner layer than does plasma 
protem 

In our mvestigations on the action of calcium and of pH on the mter-endothelial 
cement we were struck ivith the fact that perfusion fluids consisting of purely 
crystalloidal solutions, even with adequate calcium and proper pH, mduced 
leakmess of the capillaiy wall with consequent edema although there was no m- 
dication of deficient mter-endothelial cement This suggested that m the ab- 
sence of a colloid the cement filter, although mtact, lacks a physical component 
which 18 furnished by a colloid The cement filtei is porous enough to permit 
passage of colloidal matenaJ A change in porosity occurs with the addition of 
shght amounts of a colloid which probably clogs the cement filter, thereby di- 
mimshmg its porosity Evidently, the adsorbed colloid constitutes the endocapil- 
lary layer We used vanous colloids and found their relative efficiency m causmg 
a recovery of a leaky capillary to be of the order blood serum > bovme albumin 
> ash-free gelatm > gum acacia This accords wuth similar findmgs of Damelli 
m relation to perfused blood vessels 

Direct microscopic endence for such a layer has not been forthcommg A 
near approach has been from observations of the frog’s mesentery perfused with a 
crystalloid, frog-Ringer’s solution containmg Eimns blue which is known to com- 
bme with blood albumm Durmg the perfusion thm strands and sheets of a 
famtly colored blue, translucent material we^e seen sloughing off the inner surface 
of the capillaiy and being earned aw'ay m the stream This sloughmg contmued 
for 10 to 15 mmutes durmg w'hich the mesentery bern-me increasingly edematous 
Changmg the perfusate to one contaming either 1 per cent gelatm or 10 to 20 
per cent frog or fowl serum resulted m an appreciable reduction of the edema 
When the perfusion flmd was changed back to the ongmal ciystalloidal solution 
with Evans blue there again appeared the sloughing off of faintly colored sheets o 
glutmous matenal , 

3 PencapiUary Sheatk The existence of a supporting tissue mvestmg bl 
capiUanes has been suggested by several mvestigators, e g , Heimberger ( h 
Benmnghof (17), Midsumo (18) and Michels (19) A''olteiTa (20a) made 
tended studies on this subject and has clearl}’- demonstrated the presence o a 
closely fittmg, mvestmg layer of aigentophil fibrils over the outer sunace o e 
endothelium of capiUanes Such an mvestment is well exhibited m ram issue 
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In other tissues it appears to bo continuous with argentophii fibrils Burrounding 
glandular alveoles, muscle fibers, neives, etc. 

Voltorra obtained variations m the amount of blood flowing through a given 
tissue to be m accordance with changes m pH and electrolytic content of the per 
fusate. He ascribed this to differences m action of the perfusate on the pen 
capDlarj sheath thereby conditioning the sue of the vessels in the capillarj bed 
The significance of Volterra’s conclusions hes m his connction that \ anaUons m 
the amount of the circulating fluid may be referred to the supporting tissue with 
out the necessity of assuming changes m the endothelium proper This conclu- 
sion was not ^ enfied by looking for actual changes m the capillary structure. 

In an eariier paper (20b) he describes, m eases of nephrosclerosis and hyper 
tension, a transformation of the pencapillarj sheath from the normal delicate 
layer containing findy nnastomoemg argyrophilic fibrils mto a thick layer which 
may be hyahniied. Under such conditions he observed the presence of red blood 
cells permeatmg the wall and believed this to mdicate an mcreased porositj of the 
vessel More recently, Gorev and Smirnova Zamkoa a (21) described similar 
changes, in cases of edema and hypertension, in a layer which they termed a ho- 
matoparenchymouB barrier The existence of a pericapillaiy sheath and its 
possible rdle m a anous pathological conditions makes a study of the normal 
properties of the sheath one of prune importance 

The presence of a relativdy stiff layer of material against the outer surface of 
the capillary endothdium is evident when a white blood cell is undergomg dia 
pcdesis. The extruded portion of the diapedesmg cell never moves directly 
away from the wall but spreads over the outer surface of the endothdium and 
remains for some time pressed dosely between it and the pencapillaty sheath. 
The cdl finally works ita way through the mtersticcs of the sheath to move more 
fredy m the less resistant regions of the connectii e tissue matrix. The relation 
of this sheath to the connective tissue is suggested by the fact that agents which 
affectr the connective tissue matrix appear to exert a similar action on this pen 
capillary sheath We have made intravenous injectiona of the mucolytic 
ensyme, hj aluromdase,’ and also have applied solutions of it with micropipettes 
on the surface of capitianes m the mesentery of the frog In both cases there 
was no evidence of mcrehsed stickmess of the capillaiy wall or of any increase in 
permeabihtj A significant feature which did occur was the abrupt devdopment 
of microscopic petechiai hemorrhages. These occur through spots in the wall 
weakened by the softening of the supporting connective tissue sheath and, there- 
fore, eaady ruptured by the internal blood pressure. Wo regard hyaluronidaso as 
a factor m accentuating capillary fragility rather than m inducing direct changes 
in capillary permeabDity (22) 

Moreover we found that bacterial toxins* (Shiga e.xotoxin, Clostndium 

■ Tho hyaluronidasQ wai prepared from teatlmilar oxtraeis sod sapplled through the 
courtexy of T5r Karl hfeyer of tho College of PhyalcianB and Surgeone Colombia Unlicr 
eity N y 

♦ Theoe beclorlal toxina were mipplied through the courtesy of Dr Rend Duboi of the 
Rockefeller Institute and Dr Colin MacLeod of New 4 ork Unli-eraltj College of Medicine 
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welchu, C perfrmgens and C septicum), injected into the blood stream of rats, 
cats and dogs, caused the production, several hours later, of petechial hemor- 
rhages among the mesentenc and omental capiUanes with no evident dissolution 
of the mter-endothehal cement These bacterial toxins are known (23) to con- 
tam a hyaluromdase component to which the increased fragility of the capiUanes 
can be attnbuted We therefore regard Duran-Reynal’s (cf 22) postulate that 
hyaluromdase regulates capiUaiy permeability as bemg concerned mth an m- 
crease m fragihty of the capillary wall rather than vnth the more readily rever- 
sible phenomenon of changes m capiUaiy permeability 
4 Micromampulative Studies on the Capidary Wall The structural make-up 
of the normal capillary wall is so dehcate that mechamcal handlmg even on a 
nucrurgical scale mvanably produces changes in its permeability characteristics 
This has already been mdicated by Landis (cf 11) The reversibility of such an 
mjury depends upon the mtensity of the change produced Merely movmg the 
tip of a microneedle back and forth m the close vicimty of a capillary will inflict 
an evanescent mjury sufficient to cause an outflow of flmd This is made evident 
by an approach, to the mjured spot, of red cells and an outward leakage of dye 
In mammals there also occurs a temporary stickmg of platelets to the mner 
surface of the capillary wall A more drastic reaction, but one which is still 
reversible, can be occasioned by gently rubbmg the surface of the capdlaiy with 
the blunt tip of a nucroneedle This mduces not only a stickmg of platelets and 
of leucocytes but also a rapid escape of dyes of relatively large colloidal dimen- 
sions, such as Evans blue The leakmess of the wall may become so high that 
the red cells are diverted from their forward course and apphed against the 
mner surface of the vessel With still more severe mjury but insufficient to 
cause actual rupture, red cells may be passed through mmute opemngs to the 
outside The vanous effects, gradmg from a shghtly mcreased porosity to a 
pronounced leakmess, are similar to those observed when perfusion fluids are 
used which are deficient m calcium or are more acid than normal Similar 
effects are obtamed when the adjacent tissue is acidified Evidence of this 
has been obtamed (24) by depositmg a microdrop of olive od contammg glacial 
acetic acid m the vicmity of a capillary 

All the procedures, viz , microtrauma, use of calcium-deficient perfusates, 
calcium-contammg, acid perfusates, or local acidification, act by softenmg (made 
evident by carbon stickmg) and dissolvmg the mter-endothelial cement The 
changes m the cement caused by the nucrotrauma are possibly due to a local 
production of an “acid of mjury” An additional factor is the contractmg 
reaction of mdividual endothelial cells Contiguous cells can be made to with- 
draw from one another sufficiently to loosen the cement between them ^ 
extreme example of the latter type of change is the shrinkage reaction ® 
endothehal cells to hypertomc sucrose or manmtol solutions locally ^PP 
With a nucropipette The cells retract from one another to the extent a 
spaces between them become studded with dumb-bell shaped red c p y 
extruded through the vessel wall As the hypertomcity passes off e en o- 
thelial cells return to their normf^l expanded condition and close e spaces 
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between them The red ceUs, caught m the wall, then either move out, fall 
back mto the vessel, or become pmched in two (25) 

SuiUIATION ON BIONinCANCE OF ABCmTECTUBE OF CAPILLAHT WALL Tho 
precedmg analysis of the constitution of the capillary wall presents a structuml 
basis concerned with the mtorchange of material between blood and tissue. 
The mter^endothelial cement serves as the baaio framework tho porous interstices 
of which vary with changes m the electrolytic balance of the medium Tho 
endocapillary Iming appears to bo an adsorbed layer of a blood protem which 
penetrates tho mterstices of the cement and serves further to regulate the poro 
sue of the cement filter The third constituent is the pencapillary sheath 
which appears to be n condensation of connective tissue serving to give mecham 
cal support to tho blood capillary It is probably sufficiently porous to allow 
free passage for the fluid part of the blood 

Each of the above three components can be affected separately by a vanoty 
of conditions so ns to mduce changes in the permeabihty of tho wall Hence it 
IB difficult to assume a smglo permeabihty factor, such as a permeabihty hormone 
or vitamin, to account for the overall maintenance of fluid balance between 
blood and tissue. 

It IS to be noted that variations m the permeability of the capillary can bo 
accounted for by changes m the non living components of the capillary wall 
An important function of the endothelial cells appears to be the elaboration of 
the cement. In extreme oases smee they are irritable, tho cells can contract 
or expand and m this way affect the porositv of the wall by changmg the physical 
charactenstics of the cement filter 

Tofoorapht of the OAFiLLAnT BED Bmce capiUnry permeability is in- 
timately related to hemodynamic aspects of the peripheral circulahon, it is 
necessary to review briefly tho factors concerned m tho distribution of blood 
through the capillary bed It is unfortunate that an understanding of tho 
actual anatomical topography of the capillary bed has been generally overlooked 
in attempts to ^uddate its fimctional activities. Tho tendency has been to 
consider tho capillanes as simple tubes with tho only anatomical differentiation 
of dassifying them as arterial or venous. 

Topographical studies of tho capillary bed have shown that the vascular 
components may be of different sorts which are precisely arranged mto organ 
iied itmts of structure and function (20) In some tissues the capiUanos have 
no discormble orgamsatiom This typo is found m tissues which mom tarn a 
fairly constant levd of flow volume. In other tissues, whore nutnbvo demands 
vary with changes in functional activity, a well defined pattern exists, e g , in 
tho muscular system and in the gastro-mtestinal tract. During periods when 
tho tissue IB inactive tho flow is restricted to preferential channels, while during 
periods of mcreased activity tho flow becomes widespread throughout the capU 
lary network. 

The preferential vessels have been termed thoroughfaro or a v channels. 
Tho proximal portion of these channels, termed metartenolcs, together with 
their prccapillnty sphmctenc offshoots, are muscular and spontaneously undergo 
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penodic changes m cahber This type of movement has been termed vaso- 
motion, a slow mtermittency of partial relaxation and constnction at mtervals 
of about 30 seconds to 3 minutes The vasomotion serves as a mechanism for 
restnctmg the blood flow to the thoroughfare channels or permitting it to become 
more widespread through the capillary bed It is the mechanism which locally 
adjusts the penpheral flow to the Heeds of the tissue The precapillary sphmc- 
tenc offshoots lead into an mter-anastomosmg system of true capiUanes (devoid 
of muscular elements) which constitutes the bulk of the bed The capillanes 
rejom the distal contmuation of the thoroughfare channels through mflowmg 
tnbutanes 

The hydrostatic pressure m any of the true capillanes throughout the bed 
IS extremely vanable It depends from moment to moment on the mtemuttent 
state of the precapiUaiy sphmcters and on the efficiency of the venous outflow 
On the other hand, the thoroughfare channels mamtam a proportionally con- 
stant pressure relationship between their artenolar and venous ends This 
condition depends largely upon the pressure m the artenoles leadmg mto them 
The venous outflow from the bed is determined by the rate and magmtudo of 
the flow through the thoroughfare channel 

Thus, the thoroughfare channel is the basic structural and functional com- 
ponent of the capillary beds The capillary network is accessory to it and 
exhibits great vanabihty m its r61e m flmd exchange This vanabdity was 
noted by^ Landis and is reflected m the high degree of scattermg exhibited m 
recorded measurements on mtracapillary pressure (Landis (27)) Such measure- 
ments would be of greater significance and more consistent if they were made 
on the artenal and venous segments of the thoroughfare channels 

The relatively low hydrostatic pressure m the true capillanes throughout 
the bed is accomplished by the resistance offered through the sharp, backward 
twistmg of the junctional portions of the outflowmg precapiUary offshoots, 
together with the relatively wide postcapillanes which lead mto the distal 
portion of the thoroughfare channel The sphmctenc action of the precapillaiy 
musculature is a further factor m sharply lowermg the artenal pressure as the 
blood enters the true capillanes 

The flow through the thoroughfare channels is usually distmctly more rapid 
than elsewhere m the bed, and the f all m hydrostatic pressure from their artenolar 
to their venous ends must be of lesser magmtude than that which occurs m the 
side branches As a result, the channel is to be considered as the predominatmg 
region for outward filtration while mward filtration would be a characteristic 
function of the true capillanes The occurrence of outward and mward filtration 
at different sites makes it unnecessary to assume that the movement of fluid 
and of suspended matenals should occur simultaneously m opposite directions 
through the waU of the same capillaiy vessel 

Vasomotion and its infltjencb on fluid kxchange' Vasomotion is the 


‘ This and other sections constitute an amplification and an analysis of 
servations from a group study on the capillary circulation m seoondaiy^hoc ^ ® ^ ° 

withE L Chambers, G H A Clones, G W Duncan, C G Grand, C Hyman, M J Kopa , 
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term applied to the BpontaneoDsly bceumng penodio relaxation and constnotion 
of the thoroiighfare channel and of its precapDlaiies (cf 10) The dilator and 
constrictor phases of the Vasomotion alternate irregularly from minute to minute, 
and the duration of one or the other phase vanes under different physiological 
conditions. The vasomotlon of the muscular, proximal portion (the metarter 
lole) of the thoroughfare channels is wavelilce and exerts a milting action on 
the mflowing postcapiUanes which lead mto the distal portion of the channel 
Normally, the blood flow through the channel is fairly constant ns a result of 
which its hydrostatic pressure should remain relatively high. The vasomotlon 
of the precapillary offshoots, manifested by an opening and dosing of thdr 
sphincters, conditions the flow through the true capillanes among which it 
occasions alternate periods of varying hydrostatic pressure The relative 
duration of these penods vanes greatly under different conditions. The flmd 
exchange in the capillary bed is thus greatly influenced by the character of the 
vasomotlon This delicately balanced activity depends upon a nervous factor, 
which is vaso.excltor, and on humoral factors which may be either vaso.oxcitor 
or vasodepressor The tissue origm of some of the humoral factors offers a 
means for the vasomotlon to act ns a mechanism for locally regulatmg the dis- 
tnbution of the blood and, therebj , the extent and duration of mwnrd and of 
outward filtration m the capillary bed 

The direct action of the vasomotiou affects the fluid eocchange by detemuiung 
the flow of blood to be either by way of the thoroughfare channels or of the 
true capillanes The fluid exchange is also affected indirectly by the mfluence 
which the distnbution has on the rate of venous outflow from the capillaiy 
bed For example, when vasomotlon Is deficient or absent, the precspiUnnes 
remain open and the propellmg force of the pressure transmitted by the artenoles 
becomes dissipated through the numerous capillanes of the bed. This spread 
of flow causes a slowing m the rate of overall movement through both capillaries 
and thoroughfare channels with the result that blood tends to accumulate m 
the collecting venules This mduces sufficient back pressure to favor an overall 
outward filtration On the other hand, when vasomotlon is active, the flow 
through the capfllsrj bed is increasingly reetricted to the preferential channds 
BO that the propellmg force of the artcnal pressure through them is sufficient to 
enhance a rapid flow m the colleotmg venules The rapid v enous flow favors 
dramngo into the venules from the true capillaries m which inward filtration is 
thereby accentuated 

We ma> recapitulate the influence of vasomotlon on the effectiveness of the 
hydrostatic and of the colloid osmotic pressures m the different regions of the 
capillary bed Variations in vasomotlon are of two sorts first, alterations in 
the rate of the intermittent cahber changes of the thoroughfare channel and, 

M E KniM R, E. Ire and B E Loirenatom pobHifaed and being publlahed In the Am. J 
Anal Am J Ph\ tiol Annalj of Surgery Proo Exper Biol and Med and Surgery Gyneo 
and Obatetrice Much of the work waa presontod in the pcnodic reports sent to the 
Committee on Medical Research of tho O B R. D and to the subcommittee on Aviation 
Modirfno of the hetlonal Research Council during the jeara of lOtl to 1EM5 
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penodic changes m cahber This type of movement has been termed vaao- 
motion, a slow mtermittency of partial relaxation and constnction at mtervals 
of about 30 seconds to 3 minutes The vasomotion serves as a mechanism for 
restnctmg the blood flow to the thoroughfare channels or permittmg it to become 
more widespread through the capfllary bed It is the mechanism which locally 
adjusts the peripheral flow to the needs of the tissue The precapillary sphmc- 
tenc offshoots lead into an mter-anastomosmg system of true capillanes (devoid 
of muscular elements) which constitutes the bulk of the bed The capillanes 
rejom the distal contmuation of the thoroughfare channels through mfloivuig 
tnbutanes 

The hydrostatic pressure m any of the true capillanes throughout the bed 
IS extremely vanable It depends from moment to moment on the mtemuttent 
state of the precapillaiy sphincters and on the efficiency of the venous outflow 
On the other hand, the thoroughfare channels mamtam a proportionally con- 
stant pressure relationship between their artenolar and venous ends This 
condition depends largely upon the pressure m the artenoles leadmg mto them 
The venous outflow from the bed is determmed by the rate and magmtude of 
the flow through the thoroughfare channel 

Thus, the thoroughfare channel is the basic structural and functional com- 
ponent of the capillary beds The capillary network is accessory to it and 
exhibits great vanabihty m its r61e m flmd exchange This vanabihty was 
noted by Landis and is reflected m the high degree of scattermg exhibited m 
recorded measurements on mtracapillary pressure (Landis (27)) Such measure- 
ments would be of greater significance and more consistent if they were made 
on the artenal and venous segments of the thoroughfare channels 

The relatively low hydrostatic pressure m the true capillanes throughout 
the bed is accomplished by the resistance offered through the sharp, backward 
twistmg of the junctional portions of the outflowmg precapillaiy offshoots, 
together with the relatively wide postcapillanes which lead mto the distal 
portion of the thoroughfare channel The sphmctenc action of the precapillaiy 
musculature is a further factor m sharply lowering the artenal pressure as the 
blood enters the true capillanes 

The flow through the thoroughfare channels is usually distmctly more rapid 
than elsewhere m the bed, and the fall m hydrostatic pressure from them artenolar 
to them venous ends must be of lesser magmtude than that which occurs m the 
Bide branches As a result, the channel is to be considered as the predommatmg 
region for outward filtration while mward filtration would be a characteristic 
function of the true capillanes The occurrence of outward and mward filtration 
at different sites makes it unnecessary to assume that the movement of flui 
and of suspended matenals should occur sunultaneously m opposite directions 
through the wall of the same capillary vessel 

Vasomotion and its rNFLUBNCB on fluid exchange' Vasomotion is e 


* This and other sections constitute an amplification and an analysis of 
servations from a group study on the capillary circulation in secondary^ ot y „ 
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INTEBGEIiLTJLAR CEMENT AND CAPILlxAHr PERMEABILm 


449 


capillanos. This ahifta the balance in favor of inward filtration, resulting in 
hemodiluiion. 

The above phenomena illustrate imbalances in fluid-exchange m the capiUoiy 
bed with no disturbance in vasomotion, the imbalance resulting only from 
changes m the vasomotor activity of the terminal artcnoles There are also 
instances m which a change m the intensity of >'asomotion alters the balance 
of fluid-exchange For example, when the loss of blood during acute hemorrhage 
exceeds two per cent of the body weight, the vasomotion becomes accelerated 
with a still further accentuation of hemodilntion This can be explamed as 
follows. As the frequency of the vasomotion increases, the duration of the 
constnetor phases becomes prolonged relative to the dilator phases Con 
comitant with the long constnetor phases which reduce transmission of pressure 
into the side branches there is a progressively longer penod during which the 
hydrostatic pressure in the true capiUanes remains extremol> low As a con 
sequence, inward filbntion and tissue dehydration become stiB further accen 
tuated An additional aid m this direction is the mereased frequency of the 
precapillory sphinctenc contractions, producing a pronounced intermittency of 
the flow through the capiHaiy bed Moreover, the wavelike m^llnng action of 
the thoroughfare channel facihtates drainage of the poet-capillanes mto the 
venous circulation 

We have been considenng instances in which either the vasomotion or the 
state of contraction of the feeding ortenolea can be affected separately When 
both are suspended sunultaneously, edema results. A cessation of vasomotion 
together with a dilated state of the feeding artenole flushes the entire bed, 
reevlUng m exceaaire outward with httlo or no inward Sltrshoa 

In summary, defiaenoy or absence of the vasomotion shifts the balance of 
fluid exchange m favor of outward flitralion while enhanced vasomotion shifts 
the balance to mward filtration Thus, the hemodynamic relations of vasomo- 
taon and the forces set up b> movement of fluid through one or another of the 
vascular components of the bed must be regarded as of major significance in 
affecting fluid exchange between the blood and tissue. It follovr-s that aome 
types of edema are the Jesuit of disturbances m the \ asomotion mechanism 
and do not necessarily m\olve alterations in the permeability of the capillary 
wall 

A list of the factors which influence vasomotion is of mterest in this diaousaon 
Enhanced \ asomotion occurs with acute hemorrhage, sympathetic stimulation, 
mtravenous administration of adrenalm, of aogiotonln or of adrenal cortical 
extract Diminished vasomotion occurs with a nse in temperature within 
viable limits of 37 6 to 41®C, decrease in temperature, direct trauma, increased 
vital actiMty (muscular exercise, secretory activity, etc ), or elaboration of 
vasodepressor principles foUowmg prolonged anoxia. ^lanj agents which 
have been foimd to Increase capillary mrculatjon do not nccessarilj depress 
vasomotion. i\mong these have been found histamine adenylic acid, adenosine, 
bnllikroin and acetj’lchohnc (unpublished data) 
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second, alterations in the relative duration of the constnctor and the dilator 
phases of the precapillary sphincters The most effective hydrostatic pressure 
occurs m the thoroughfare channel along the length of which the onward flow 
is fairly constant and rapid Moreover, the rate of vasomotion of the channel 
detemunes the rate of venous outflow from the bed by its influence on the inflow 
from the postcapillanes which lead mto its venous end 

The colloid osmotic pressure should be most effective m the network of true 
capillaries for absorbing fluid from the tissue However, its effectiveness is 
variable and depends upon shifts m the hydrostatic pressure conditioned by 
the relative duration of the successive constnctor and ddator phases of the 
precapiUary sphmcters The consequent penods of flow and of no flow m the 
true capiUanes constitute a mechanism whereby the colloid osmotic pressure 
IS penodically greater than the hydrostatic pressure The existence of varying 
pressure conditions was inferred by McMaster (28) who demonstrated the 
mtermittency of flmd uptake m the subcutaneous tissue by inserting a nucro- 
pipette mto the skm 

Fmally, the hydrostatic pressure m the thoroughfare channels also depends 
on the vasomotor activity of the termmal artenoles outside the capillary bed 
This acbvity of the terminal artenoles tends to mamtam the hydrostatic pressure 
m the thoroughfare channels at a constant level despite fluctuations m the 
systemic blood pressure The artenoles accomplish this by undergomg con- 
stnction when the artenal pressure nses, and by ddatmg when the pressure 
falls Under certam conditions the artenoles can be affected, e g , after an 
mtravenous injection of fever-producmg toxins (unpubhshed data) The 
artenoles then become dilated while no change occurs m the normal rhythm of 
the vasomotion of the thoroughfare channels This phenomenon is accompamed 
by hemoconcentration made evident by close packmg of blood cells m the col- 
lectmg venules The followmg mechanism is suggested for this condition The 
dilated artenoles permit the blood to enter the capillary bed under an mcreased 
head of pressure At the same tune the mamtenance of the normal penodicity 
of the vasomotion favors the flow through the thoroughfare channels This 
produces an excessive outward filtration as a result of the mcreased pressure m 
the channel On the other hand, the true capillanes mamtam their normal 
mtermittency with no correspondmg mcrease of mward filtration The result 
IS that the overall balance favors outward filtration with consequent hemo- 
concentration 

It IS also possible to have hemodilution with no change m the vasomotion 
This occurs when the head of pressure entermg the capdlary bed is significantly 
reduced Such a situation occurs immediately after the onset of bleedmg m 
acute hemorrhage The larger artenes and artenoles undergo widespr^ 
vasoconstnction to compensate for the suddenly reduced blood volume The 
constnction also occurs m the termmal artenoles so that the effective hydrostatic 
pressure m the thoroughfare channels is lowered with a consequent reduction 
of outward filtration However, vasomotion remains active with goo venous 
outflow so that mward filtration is mamtamed at a normal rate m e rue 
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oapUlancs. This shifts the balance in favor of inward filtration, resulting in 
hemodilution 

The above phenomena illustrate imbalances m fluid-exchange in the capillary 
bed with no disturbance m vosomoUon, the imbalance resultmg only from 
changes m the vasomotor activity of the terminal artenoles There are also 
instances m which a change m the mtensit^ of vasomotion alters the balance 
of fluid-exchange For example, when the loss of blood during acute hemorrhage 
exceeds two per cent of the body weight, the ■\Ti8omotion becomes accelerated 
with a still further accentuation of hemodilution. This can be explamed as 
follows. As the frequency of the vasomotion increases, the duration of the 
constnotor phases becomes prolonged relative to the dilator phases. Con 
comitant with the long constrictor phases which reduce transmission of pressure 
mto the Bide branches there is a progressively longer period durmg which the 
hydrostatic pressure m the true capiUancs remains extremely low As a con 
sequence, mward filtrafaon and tissue dehydration become still further accen 
tuated. An additional aid In this direction is the increased frequencj of the 
precapillaiy sphinctenc contractions, produemg a pronoimced mtermittency of 
the flow through the capUioiy bed Moreover, the wovehke milkmg action of 
the thoroughfare channel fadhtatea dramage of the poatniapfllanee mto the 
venous circulation 

We ha^o been ccnsidcnng instances m which either the vasomotion or the 
state of contraction of the feeding arterioles can be affected separately When 
both ore suspended simultaneously, edema results. A cessation of vasomotion 
together with a dilated state of the feeding artcnole flushes the entire bed, 
resulting in excessive outward with httle or no mn'ard filtration 

In summorj, defiaenoy or absence of the vasomotion shifts the balance of 
fluid exchange in favor of outward filtration while enhanced vasomotion shifts 
the balance to inward filtration Thus, the hemodynamic relations of vasomo- 
tion and the forces set up by movement of fluid through one or another of the 
vascular components of the bed must be regarded as of major significance in 
offectmg fluid exchange between the blood and tissue. It follows that some 
types of edema are the Jesuit of disturbances m the vasomotion mechanism 
and do not ncccssanly mvoUe alterations m the penneabflity of the capiUaiy 
wall 

A list of the factore which influence vasomotion is of mterest m this discussion 
Enhanced vasomotion occurs with acute hemorrhage, sympathetic stimulation, 
mtravenous administration of adrenohn, of ongiotonin or of adrenal cortical 
extract Diminished vasomotion occurs with a nso in temperature within 
viable limits of 37 6 to 41®C, decrease m temperature direct trauma, increased 
vital activitj (muscular exercise, secretory activity, etc), or elaboration of 
vasodepressor principles following prolonged anoxia. Many agents iihich 
ha\o been found to increase capilinrj circulation do not ncccssarilj depress 
vasomotion Among these hai e been found histamine, adenylic aad, ndenosmo, 
Vftllikrcin and acotjlchohno (unpublished data) 
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Vasomotion and lymph flow There is an intimate relation between 
vasomotion and the rate of l 3 Tnph flow m the terminal lymphatic channels 
This was studied m the mesentery of the cat, dog, mouse and rat Durmg the 
restmg state of a tissue the vasomotion is active to the extent of producing 
relative ischemia, and httle or no flow of l 3 Tnph can be discerned m the terminal 
lymphatics The absence of an active flow throughout the bed makes the 
large surface furnished by the true capillanes a\ailable for mward filtration and 
leaves no excess m the tissues 

On the other hand, durmg the active state of a tissue the vasomotion becomes 
d iminis hed so that an overall, hyperemic flow is favored This is accompamed 
by an appreciably mcreased flow of l 3 Tnph m the termmal lymphatics The 
prolonged periods durmg which the precapiUary sphmcters remain dilated 
favor outward filtration m the true capillaries Edema is pre\ ented onl}' by an 
absorption of fluid into the lymphatic capillanes 

Gradient of permeability Starhng’s (29) stimulatmg concept of fimd 
transfer betu een blood and tissue is imdoubtedly true as an overall aspect of the 
phenomenon Accordmg to this concept outward filtration occurs where the 
hydrostatic pressure is greater than the colloid osmotic pressure of the blood 
while mward filtration occurs where the conditions of pressure are reversed 
Difficulties arise when one attempts to allocate specific regions in the capillar} 
bed where outv ard and mw ard movements of flmd occur According to 
Starlmg’s postulate, the wall of the capillanes throughout a given tissue possesses 
uniform charactenstics of permeabihty Flmd transfer under physiological 
conditions would then depend solely on pressure relationships of hydrostatic 
and collloid forces 

Landis (27, 30, 31, 32, 33) in his well-known niicroniampulati\ e detenmnations 
of capillary blood pressure, found considerable vanation m the values obtamed 
By averagmg the pressure readmgs, he foimd that those from the artenal side 
of the bed tended to be significantly higher, and that those from the venous 
side of the bed were lower than the known colloid osmotic pressure of the blood 
He concluded that outward filtration of fluid and its absorption through the 
wall of the capillaries is a function of the observed mtracapillary pressure 
Confirmatoiy findmgs were obtamed by Gordon-K6mges and Ottd (34) from 
their micromampulative experiments on the capillaries of the mtestmal vilh 
of the cat They found that the flow m the lacteal of the villus was correspond- 
ingly greater the higher the capillary blood pressure 

Landis takes the view that the preponderantly higher blood pressures obtamed 
by him among the capillanes m the artenal regions of the bed m the frog s 
mesentery, mdicate that outward filtration, on the average, occurs m the artenal 
r^on of the bed while absorption of flmd from the tissues occurs m the venous 
capillanes where the average hydrostatic pressure tends to be lower than the 
colloid osmotic pressure of the blood He obtamed e^^dence m support of this 
from the mgemous experiment of placmg the blunt end of a micro-rod across a 
flowmg capillary so as to occlude its lumen locally and obstruct the flow He 
obtamed values for the pressure m the artenal end of the capillary proximal 
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to the obstruction indicating that it had aeaumcd the value of that of the r essds 
which had been flowing into it, while the pressure distal to the obstruction fell 
to a minimum and acquired n value corresponding to the vessel flowing from 
it. The crowdmg together or the moring apart of the corpuscles m the two 
segments of the capillary, taken by him to mdicate outward or inwatd filtration, 
was consistent with the degree of pressure he recorded m relation to the known 
colloid oemotic pressure of the blood The procedure of occluding the capUlan 
with a rmcro-rod requires very careful techmquo because of the metraordmarv 
ease inth which damage may be inflicted, causing an abnormal mcrease in 
porosity of the nail m the obstructed region Furthermore, it is obnous that 
the pressure conditions mduced bj the obstructmg needle do not necessanlj 
prevail m the same capdlary when the obstructmg needle is not there. Wo 
ha\ e obtamed ernular results with capfllanes irrespective of the poeition of the 
capillary m the capillarj bed provided the capillarj eshibita a good flow prior 
to the placement of the obstructmg needle. 

In his 1920 paper (cf 33) Landis distinguished between the capfllanes which 
are m more or less direct relation mth the finest artcnoles and the venous capll 
lanes which merge to form the \enules He noted particularly that the capil 
lanes, whore they spring from the artenoles, are narrow and at times exhibit 
“sht-Uke opeiungs” He remarked on the conditions at the arteriole-capillary 
junction as bemg related to his observed “rather sharp roductaon m the pulse 
pressure on passmg from the artenolo to the cspiUaiy” The junctional regions 
of these capillancs are doubtless the \cssc1b we haie termed the precapillancs 
possosamg muscular sphincters, and which we hn\ e desenbed as spnnging both 
from terminal artenoles and from the penodicnlii ronstnetmg provimnl portions 
(mctartonoles) of the thoroughfare charmels 

The question now arises as to the regional distnbiition of the lessela m the 
capillary bed which arc concerned with the outward and those with the mw aid 
transport of fluid across their walls Rous, Gildmg and Smith (36), arguing 
from the more rapid escape, at the venous end of the capillary bed of dyes 
mtroduced into the blood stream, claimed that the porositj of the lessd at 
the t enous was greater than at the artenal end and that outward filtration also 
occurred there. 

Landis (30) dismisses the possibility that the diffusion of djes is alwaja a 
dependable measure of the direction and rate of fluid transport since diffusion 
may conceivably occur m the opposite direction to fluid flow Danielli, in 
support of the Starlmg theory, has offered the hvpothetieal retplanntion that the 
obsened accumulation at the i enous end is due to the reabsorption of fluid 
leaving behmd whatcier dvc has escaped 

The suggestion is made hero that the introduction of a concept regardmg the 
capillary bed ns posscssmg a pattern of specialised units of function built about 
the thoroughfare channels may bnng mto harmony the seemingly dlicrgcnt 
pomts of view held by Landis and bj Rous and his co-w orkers 

According to our inow the thoroughfaro channel is pre-eramcntly the site 
for outward filtration while the true capillaries, which branch off from the 
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channels (as outflowing vessels at the proxunal and as mflowmg at the distal 
end of the channel), serve largely for mward filtration especially durmg the 
resting stages of the tissue involved 

Landis himself commented on the great vanabihty of the values m his recorded 
capillary pressure readmgs He states that the pressures differed not only in 
different capiUanes commg from the same artenole but also m the same capillary 
from moment to moment On the average, the more rapid the flow m a given 
capiUaiy the higher was the recorded pressure This vanabihty may be ac- 
counted for, at least m part, by the penodic openmg and closmg of the pre- 
capiUary sphmcters The conditions affectmg this activity m ischemia and 
hyperemia are -discussed elsewhere m this article 

The findings of Snuth and Dick (37a) are of mterest m this regard They 
mtroduced mto the circulation a contmuous stream of glucose immediately after 
an mtravenous mjection of Chicago blue 6B, a poorly diffusible colloidal dye 
They found a great mcrease m the plasma volume, mdicatmg passage of flmd 
from the tissues to the blood Despite the evident dehydration of the tissues, 
they observed that the accumulation of the dye outside the capillary blood 
vessels occurred m the same venous regions as descnbed by Smith with Rous 
and others They concluded that the movement of flmd from the tissues to 
the blood does not essentially alter the gradient of vascular permeabihty 
Moreover, their findmgs have been mterpreted as meanmg that outward diffusion 
of dye and mward filtration or absorption of flmd can occur sunultaneously in 
the same vessels 

This raises the issue regardmg diffusion of a dye agamst a current of moving 
flmd In our observations the diffusion of dye outward through the wall of the 
thoroughfare channel is too rapid to permit any other assumption than that 
the dye is bemg earned with the stream of the flmd m which it is suspended 
In the words of McMaster and his associates (37b) concemmg dyes m aqueous 
solution "where water goes they may be expected to go, unless their molecules 
are large enough to be held back selectively by the membrane” 

We may now consider the alternative that the influx of flmd occurs m a 
region of the capillary bed other than that from which the dye was escaping 
Accordmg to our findmgs, the inflow of flmd which makes for hemodilution 
occurs m the true capillanes where the hydrostatic force is generally insufficient 
to drive flmd out In the case of Smith and Dick’s experiments the hypertomcity 
of the sugar solution would mcrease the effectiveness of the coUoid osmotic 
pressure of the blood m absorbmg flmd mto the true capillanes At the same 
time the escape of dye would contmue along the thoroughfare channels which 
are mcreasmgly porous along their distal portions and which evidently mamtam 
sufficient hydrostatic pressure to overcome the effect of the hypertomcity mduced 
by the sugar solution 

The accompan 3 Ung diagram (fig 1) presents three concepts regardmg flmd 
movement m the capillary bed 

The capiUary bed is represented as a tube paSsmg from a, the arteiy , to v, the 
vem The arrows show the direction of blood flow and of flmd movement 
across the capillaiy wall 
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X presents the concept of Rous and his associates in which the arrows only 
apply to the preponderanoy of dye-escape at the venous end. 

Y presents Starling’s concept as demonstrated and amplified hj; Landis from 
his capiliaiy blood pressure determinations. In this, the fimd movement is 
predominatmgly outward at the artena! end and mward at the venous end 
Our concept combmes X and Y X represents the thoroughfare channels 
m which outward filtration occurs together with the phenomenon of vasomotion 
which mtermittently opens and closes the precapillnry sphmctenc offshoots. 
The latter lead mto Y, the true capillanes, m which the mward and outward 
filtrabon of fimd depends on contmually occurring variations in the capillary 
blood pressure produced by the vasomobon of the sphincters Toward the 
venous end the vanabihty of pressure shifts to favor mward filtrabon or ab- 


X 




V 


A=7 WTin 



Fig 1 Prettnthig thrm coneepta regarding Said movement in capillary bed 

sorption The post-capillanea widen as they Join the distal portions rf the 
thoroughfare channels at an acute angle m such a mann er that the blood in 
them is drawn mto the charmel analogous to the way that a vacuum jet operates 
Varmbons from the third sketch, X and Y, do occur, e.g , the precapillanes 
frequently lead off directly from tennmnl artenoles and the post-capillanes 
may lead directly into typical venules. However, the functional feature is 
the same, lo , the mtormittenoy of action of the precapiUaiy sphmotors and 
the peculiar arrangement of the post-capillancs Fluctuabons of pressure in 
the post-capillanes may occur from tho occasional development of a significant 
venous back pressure Such fluctuations may change the direcbon of mov anent 
across the capillary walk 

Tho gradient of permcabilitj m tho thoroughfare charmel seems to repreient 
a gradabon m the limiting dimensions of the pores along the wall of the vessel. 
This is mdicated by mtroducing dyes of graded particle sire into tho orculabon 
and noting their escape along the charmel Tho results have warranted the 
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conclusion that there is a gradual increase in the relative number of the larger 
pores toward the end where the blood is most venous 
The experiments of experimentally re-routmg the venous blood mdicate that 
the size and number of pores is a variable feature (38) 

The direction of the gradient can be upset experimentally By compression 
of appropnate channels with a microneedle, the flow through the capillary 
bed was reversed After a short penod of time a new gradient was established, 
an mcreasmg porosity now becommg evident toward the ongmal artenal side 
of the capillary bed Thus, when blood from the venous vessels was re-routed 
back through the thoroughfare channel, a marked mcrease m the porosity of 
the vessel v all occurred, colloidal dyes such as T-1824, to which only the venous 
end IS normally permeable, now passing out along its entire length The 
gradient, therefore, appears to be a result of some factor m venous blood and 
not due to permanent, structural differences m the vessel wall 
A gradient of porosity is also of significance m the passage Of water through 
the capillary’ membrane The diameter of the pore is of prime importance 
smce any mcrease m diameter affects the magmtude of the filtration to the 
second power of the diameter Therefore, changes m hydrostatic pressure 
should cause a proportionally greater mcrease m outward filtration of water 
on the venous side where the pores are larger than on the artenal side We 
find the gradient of porosity to be exclusively along the thoroughfare channels 
through which, from their artenal to their venous ends, the flow of blood is 
relatively rapid and along which outward filtration occurs The existence of a 
gradient of porosity m the capillary bed must be taken mto account m considering 
the eflect of hydrostatic pressure on the outward filtration of flmd 
Summation of significance of vasomotion Attempts m the past have 
been made to offer precise quantitative support for Starhng’s hypothesis of 
fluid exchange m the capillaiy bed Landis has presented calculations m- 
dicatmg a precise counterbalance between capillary hydrostatic and colloid 
osmotic pressure, the loss of flmd on the artenal side bemg compensated for 
by an eqmvalent mtake of flmd on the venous side 

In the present review, the basic concept of Starlmg’s hypothesis remains 
unchallenged However, the balance of flmd exchange is considered to be 
mamtamed not so much by a direct mteiqilay of hydrostatic versus colloidal 
pressures as by delicate vasomotor adjustments which mtenmttently mcrease 
or decrease the surface area over which an effective hydrostatic pressure produces 
outward filtration 

Inivard filtration is accomplished primarily by osmotic uptake The effective- 
ness of this mechanism, however, is directly dependent upon and is reinforced 
by the action of hemodynamic forces mamtammg an adequate venous outflow 
from the capillary bed Keys and co-workers (39) and Ealh and her co-workera 
(4Q) found that edema can occur with no concomitant reduction of the plasma 
protems m the blood Such data mdicatmg the relative meffectiveness of 
colloid osmotic pressure for preventmg flmd loss from the capillary cuculation 
emphasize the importance of factors ofher than the mterplay of hydrostatic 
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VS. osmotic pressure m maintaining normal fluid exchange between the blood 
and the tissues. Their findings may bo explained either by the assumption 
that the permeability of the capillarj wail is so affected as to cause the lose of 
whole plasma, or that the loss of non protem fluid in one region, c.g , tlic abdomi 
nal cavity or dependent parts of the extremities, is eounterbaianced by an uptake 
of ramllar fluid from another region, e.g , skeletal muscle 
Nervous control op capillary perjieadilitt It was claimed bj Engel 
(41) that the sympathetic eystem mduces an mcreaso m capillary permeabditj , 
a view opposite to n previous one of Gellhom (42) who presented evidence that 
sympathectomy induces an mcrease. Engel perfused the vessels of the knee- 
jomt of a cat with fuchsm 8 m Ringer’s solution and found that, although svm 
pathectomy induced marked vasodilatation, the concentration of the dye m 
the knee-jomt fluid was lowered He ascribed this to a decreased permeabflity 
resulting from the absence of sympathetic nene control DamelU (cf 9) 
discounted Engel's findings as mdicatmg permeability changes and asenbed 
them to a lowered capillary pressure resultmg from vasodilatation Engel’s 
results might more logically be explnmed by the opening of cross anastomoses 
(AVA) between the larger vessels so that the capiUaiy bed ra the particular 
region he was observing was bypassed by the active circulation 
Most authors favor Gellhom’s original thesis and have concluded that sym 
pathectomy produces an mcrease m toss of fluid from the capillaries This 
would bo expected on the basis of the resultmg hyperemia and Increased blood 
flow However, this does not necessarily signify any specific effect on endothelial 
pcrmeabnitv since the resulting vasodilatation and hyperemia should cause an 
increase m hydrostatic pressure m the capillary bed This, together with 
suspension of vasomotion, should greatly favor outward filtration 
Etteot ot aoents on oapillaht PEiuizABiLiTT The literature contains 
many references to the action of a large number of biological agents in affecting 
the permeabUity of the capillary wall A list taken from the more recent litera 
turn is presented m the accompanymg table. Only those mvestlgations are 
listed which deal with findings purportmg to be direcUy related to the capUlanes 
A commonly used techmque (43) is that of observmg the loss ot dye from the 
blood mto the skm during a local mflammatoiy reaction and noting the effect 
of various locally mtroduced agents m altering the amount of dye escape. 
Such studies shed little or no light on the mechamsm of capillary permeability 
Agents, such as dcsoxycorticosterono acetate, estrogens, and cortical extracts 
which have been found to reduce the accumulation of trypan blue m an inflamed 
area (sec table) do not neccssordy produce their effect by nchng on the capilinry 
wall proper For example, Rigdon (66) who used this method extensively 
has questioned the significance of the dye accumulation since ho found that the 
stomabdity of the affected tissue is mvolved. The inflammatory reaction is a 
complex one, involvmg such diverse effects as vascular dilatation, endothelial 
damage, changes m the connective tissue matrix, blockage of lymphatic flow, 
stainability of the tissue, etc The value of such data in danfynng capillary 
permeability phenomena is open to question 
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TABLE 1 

Agmts affecbng capillary 'permeability 


AGENT 

AX7THOS 

keezct 

’'•y 

CaiTEBIOH 

Adrenal cortical ee- 
cretionfl 

Swingle etal (43) 

Maintenance of cap 
diary tone 

- Adrenalectomy in 
creased permeabihty 
and capdlary stasis 

Adrenal cortical se- 
cretiona 

Cope et al (44) 

Decreased capillary 
permeability 

Adrenalectomy in- 
creased blood protem 
in lymph 

Adrenal cortical ex- ] 
tract 1 

JDCA J 

Menkin (46) 

Decreased capdlary 
permeabihty 

Leukotaxin effect of dye 
accumulation in skin 
was decreased 

Adrenal cortical 1 
steroids 1 

Cortico sterone j 

Freed and Lindner 
(46) 

Decreased capillary 
permeabihty 

Same as above 

Adrenal cortical ex- 
tract 

1 

Shleser and Freed 
(47) 

Decreased capillary 
permeability 

Peptone effect of dye 
accumulation in skin 
was decreased 

Adrenal cortical ex- ] 
tract 1 

ll-desoxycorticoa- | 
terone J 

Hyman and Cham- 
bfers (48) 

Reduced edema 
formation 

Decreased weight of 
perfused hmd-hmbs 
of frog 

DCA 1 

Cor tin / 

Graham (49) j 

Decreased capdlary 
permeabihty 

Dye leakage by carbon 
arc irradiation of skin 
decreased 

DCA 

Fine and Fisoh- 
mann (60) 

No effect on capil- 
lary permeability 

Rate of appearance of 
dye m tissues, disap- 
pearance of wheals, 
effect on albuminuria 

DCA 

Swingle and Rem- 
ington (61) 

Decreased capdlary 
permeabihty 

Increased retention of 
transfused serum m 
adrenalectomized 
dogs 

Estrogens 

Alpha estradiol ben- 
zoate 

Hechter et al (62) 

Rigdon and Chns- 
man (63) 

Increased capdlary 
permeability in 
uterus and vagina 
No effect 1 

Increased concentration 
of dye in tissues 

Sylol effect of local ac- 
cumulation of dye m 
skin unchanged 

Vitainin D 1 

Silver et al (64) 

Decreased permea- I 
bihty with high 
doses 

)ecrease in disappear- 
ance rate of T-1824 
from blood 
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TABLE l-C<mcluied 


Acsn 

! Aonm* 

1 pftcr 1 

otfTTJmajf 

Tissat extraoi 

Higdon (66) 

Increased capillary 
permeability | 

Local injection induces 
aecomulation of dye 
in skin 

LeakoUxiD 

Menlnn (56) 

! Increased capillary 

1 penneabUity 

1 

Local Injection Induces 
accumulation of dye 
in skin 

Spreading factor 

Doran Rejnala (57) 

i Increased capillary 
i permeability 

Local injection indoces 
aecomulation of dye 
In skin 

Hlatamine 

Hoche e Silva and 
Dragatedfc (68) 

Increased capillary 
permeability 

Local injection Induces 
accumulation of dye 
in skin 

Hletamine 

McCarrall and 
Drinker (69) 

Increased capillary 
penneabUity 

Increased blood protein 
content of lymph 

Hlatamina 

1 

Stead and Warren 

(SO) 

Increased capillary 
pnmeabUjt) 1 

Decreased protein In 
venous blood 

^Btamino 

Hechter (61) 

IneresjBed eapUiary ^ 
penneabUity j 

Local dye accumolatioa 
unaffected by adrenal 
eotomy 

Acetylcholine 

Gordon KBolgee 
and Ottd (M) 

Increased eapillary 
pertoeabUity 

Increase of lymph in 
lacteal of viUua fol 
lowing dilatation of 
arterioles and In 
creased capillary pres 

1 sure 


Other studies have used the appearance in the tissue of ogenta, the concen 
tration of -which can be measured, as an indication of penneablhty changes. 
T.nng a (02) measured skm fluorescence by a photometer after intravenous 
injection of sodium fluoresdn He found a decreased rate of dye accumulation 
m the skm under conditions such os myxedema This dj’o is freely diflusiblB 
through the normal capillaiy wall. Evidence of increased fluorescence in the 
nVin imder experimental or pathological conditions may merely mdicnte an 
mcreased blood flow through the tissue with no actual mcreaso in the permeabihty 
of the capillary wall to the dye. 

A similar criticism can be made of exponments on the permeabihtj of radio- 
active ions. Exjienmenta -with radioactive proteina (Fine and Schgman, 63, 
Cope and Moore, 64) should be of greater significance smee proteins arc normally 
retted by the capillary wall The experiments of Fine and Seligman, which 
were performed on dc®s m inm erdble shock, indicated no outward leakage of 
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the radioactive proteins On the other hand, Cope and Moore found an in- 
creased loss of radioactive colloids into the Ijunph foUoiving bums 

Of the 1 anous biological agents investigated, histamine and adrenal cortical 
extracts are of special interest It has been clauned that histamme increases 
capiUan’^ penneability while the cortical extracts reduce it 

H^slarmne Tlie pioneer woik of Lewis (65) and of Lewis and Grant (6C) 
indicate that lustamme-Iike substances produce a tnple \ascular response 
terminating in the marked exudation of protem-contaimng fluid from the capil- 
laries into the tissues Histamine, mtroduced into the skin, produces both 
arterial dilatation and damage to the capillarj'^ endothehum In our experiments 
we found that histamme, intioduced either locally mto the mesentery with a 
micropipette or sj^steraieally by intravenous injection m concentrations not 
affecting artenolai caliber, had no obseiw^able permeabilitj’’ effects (judged by 
dye exudation, stasis, etc ) Application with a micropipette in concentrations 
which produce dilatation of the artenoles also had no obseiw’able effects Per- 
meability changes were obtamed only when concentrations w'ere used high 
enough to produce actual endothelial damage, i e , exti avascular loss of normally 
retained Evans blue, sticking of carbon, swelling of individual endothelial cells 
and an abnormal disten'ion of the capillary' wall To what extent histamme 
plays a rdle m normal permeabihty changes is still open to question 

Othei experiments indicating a permeabihty-mcreasmg effect of histamme 
have rehed upon the loss of matenals from the blood, e g , proteins, which are 
normally retamed witlun the capillary This was detected by analysing the 
lymph fluid, the venous blood from affected regions or the flmd m vanous body 
cavities Obviously, damage to the endothehum, such as occurs with excessive 
concentrations of histamme, will produce abnormal leakage not only of plasma 
but of blood cells 

In many cases the extrai ascular loss of protem can be explamed equally 
well by' vascular mechamsms other than mcreased capillaiy permeabihty 
In this regaid tw'o techniques can be considered, that used by McCarrell and 
Dnnker (cf 59) and that by' Stead and Warren (cf 60) McCarrell and Drinker 
used changes m the constitution of the lymph of a particular regi6n as an index 
of blood capillary permeability They found that histamme shock produced an 
mcrease of protem m the lymph Such an occurrence has a possible explanation 
from the findings of E R Clark (67) Clark noted that the application of 
pressure or mcreased temperature caused the passage of whole blood through 
the wall of venules directly mto contiguous termmal lymphatics This might 
be sufficient to explam the mcrease m protem content of the lymph w’lthout 
postulatmg an mciease m capillary permeabihty' per se Stead and Warren 
detennmed differences m the contents of artenal and venous blood from affected 
areas They noted that an mjection of histamme (0 6 mgm ) into the brachial 
arteiy caused a decrease of the protem content of the venous blood of the same 
arm This finding may be interpreted as an effect of the pecuhar type of vascular 
reaction caused by histamme Histamme produces artenolar dilatation an 
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Increiaes the blood flow through the capDlmy bed but it does not abohsh vaso- 
moticni of the precapillaiy sphincteis. This condition produces an excess of 
Wood flow through the thoroughfare channels accentuating outward filtration 
all along their course Normally, only a small amount of protcm escapes 
from the venous portion of the channel However, the mcreased hydrostatic 
pressure produced by histamine could be expected to lead to a greater leakage 
of protein m this region Ckmoomltantly, the true capfllanes, which Tnamtain 
their normal mtermittent mrculation because of the persistence of the pre- 
capilUry aphmotenc action, contmue to perform their function of inward filtra 
tion undisturbed by the histamine These two reactions would explain the 
lower protem content of the venous blood 

Adrenal coritecd extracU Much indirect evidence has accumulated to mdicate 
that cortical extracts have a counteraotmg effect on the increase in capillary 
permeabflity produced by many noxious agents. Furthermore, m adrenal 
cortical insufficiency an mcrease in permeabihty is mdicated by a pathological 
disturbance of flmd-exchange m favor of outward filtration and the production 
of a marked hemoconcentration (cf 43) The question remains as to whether 
the observ ed effects are to be explained by the regulatory action of the cortical 
hormones on the distribution of blood to the tissues or whether these hormones 
aerve to maintain the structural mtegnty of the capillary wall 

Hechter (cf 61), by applying hiatamme through a stab m the skm of rats, 
observed no difference between normal and adrenalectomlied rats m the extra 
vascular loss of trypan blue mto the region Cope and co-workers (cf 44) 
obtained an mcreased protem content m the cervical lymph of adrenalectomixed 
dogs. Thej claimed this to mdicate an mcrease in permeabihty of the Wood 
capillaries to protein 

Wo have found, by direct observation of the capillnrj mrculation, that bflat- 
erally adrenalectomixed rats (48 to 96 hrs post-operative) show no visiWe 
alterations m the endothelial wall Pathological changes of the capUlaty wall 
were detected onlj just pnor to circulatory collapse precedmg death It is 
known that adrcnalectomj induces the development of hemoconcentration. 
This might mdicate increased capillary permeability However, the excessive 
loss of flmd from the circulation can be explained equally well by an alteration 
of the hemodynamic relations of the capillary bed We have found that adre- 
naloctomiied rats soon develop an atonic state of the peripheral arteries and 
artenWes and, subsequently, a cessation of vasomotion in the capillary bed 
The resultmg derangement of the capillary Wood flow is one wWch favors out- 
ward filtration The failing vasomotion and the consequent inadequate venous 
return, leadmg to mcrcasing back pressure m the capillary bed, could account 
for loss to the tissues not only of water but also of proteins without considormg 
that the mtegnty of the capillary wall has been impaired 

In the present article no attempt has been made to cover experimental findings 
dealing with the physiology of the more highly speciallied components oftho 
penpheral vascular apparatus, such as those dealing with tcmperaturo-rogulatmg 
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mechanisms m the skm, special secretory bamers such as are obtamed m the 
bram and complex structures observed m the hver and spleen, or m the bat’s 
wmg 

Although much has been wntten on permeabdity-changes m the capillary 
bed, most of the findmgs are largely inferential and only a few are ba^ on 
direct observations of the vessds. Many of the findmgs are significant but, 
imtil the actual site of their action is ascertamed, cannot be used for an under- 
standmg of the mechamsms mvolved 

The fact must be appreciated that the capillary bed has a highly specialized 
orgamzation the several components of which mamtain a dehcately adjusted 
functional balance between reactions of central and local ongm The dominance 
of a central control tends to be countered by local autonomous control Along 
with this ever-shiftmg balance of the hemod3mamics are possibilities of physico- 
chenaical changes m the composition of the several different structures which 
constitute the wall of a capillary The action of specific agents on one or more 
of the vanous components, structural and chemical, requires further mtensive 
study 

Unless adequate precautions are taken and direct observational work is 
adhered to, it is generally impossible to differentiate between the effect of shifts 
m hemodynamic relationships, changes m functional permeabihty of the wall 
of capiUanes, or actual disruptive leakages of the vessels Most of the data m 
the hterature deal with overall changes mvolvmg one or more of the above 
phenomena Their physiological significance with respect to the control of 
capillary permeability wiU remain obscure until the site of action of the vanous 
agencies can be determmed 
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SOME PHYSIOLOGICAL EFFECTS OF CURAEE AND THEIR 
APPLICATION TO CLINICAL MEDICINE 

A R McIntyre 

Deparlmeni of Physiology and Pharmacology, University of Nebraska, 

College of Medicine, Omaha 

The revival of interest m curare and the important place it has lately won in 
medicme and surgery is likely to obscure the fact that the study of South Amen- 
can arrow poisons was among the earliest of toxicological mvestigations It was 
largely out of these studies that modem physiology took root and grew The 
complex story of the history, botany and chemistry of the curares is remarkable 
and has mterested ph3^icians for centunes Unfortunately it will not be pos- 
sible to enter mto a discussion of these matters here, they have, however, re- 
cently been desenbed m detail elsewhere (1) 

It is the purpose of this review to present the gist of to-day’s knowledge of the 
physiology and pharmacology of curare, to outhne some of the implications of 
this knowledge regarding neuromyic transmission and to describe the practical 
application of this drug to clinical usage It should first be pomted out, however, 
that a large vanety of South Amencan arrow poisons are mdiscnmmately re- 
ferred to as “curares,” many of which differ markedly m composition Compara- 
tively little experimental work has been performed with the pure alkaloids ob- 
tamable from them, and of these, only two have been widely used These are 
curarme, a potent amorphous alkaloid of unknown chemical stmeture isolated 
by Boehm (2), and d-tubocurarme, a bisbenzyhsoqumolme compound first ob- 
tamed m a pure state from tube-curare by King (3), who worked out its chemical 
stmeture Subsequently d-tubocuranne w^as obtamed by Wintersteiner and 
Dutcher (4), of the Squibb Institute, from Chondrondendron Umentosnm, a 
member of the Menisperm or nioonseed family, and this alkaloid, accordingly, 
has been rendered readily available for experimental work Almost all the 
clinical work with curare dunng the last seven years has been performed with 
Intocostrm, a partially purified and biologically standardized solution of certain 
vaneties of cmde curare, the precursor of this preparation was first prepared m 
the author’s laboratory 

The classical effect of curare In spite of the enormous amount of expenmenta- 
tion performed dunng the nmety years which have elapsed smee Claude Bernard 
(6) wrote, “Le Curare, qui andamt I’action nerveuse sur les muscles, conserve au 
contraire plus longtemps la contractihtd musculaire Preuve que ce sont Ih 
deux actes bien distmcts,” the exact mode of action of curare remains a matter 
of dispute The locus of action is generally agreed upon and is thought to reside 
m the somewhat ill-defined region where nervous tissue ends and muscle tissue 
begins The question as to curare’s mode of action ivill, of course, remam a bone 
of contention imtil there is complete agreement among physiologists and 
macologists concerning the modus operatidi of neuro-muscular transmission This 
IS not the place to plead the cause of either of the two chief theones of mdirect 
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exdtolion of muscle, but rather to examine how well the estab’iahed facta con 
comlnB curanmtion fit the theories Quito understandably, Claude Bernard’s 
localisation of the pomt of action of curare at the neuromyic junction focussed 
attention of investigators on this region and it ivas Bernard’s pupil, ROhne 
(0), who scrutmired nerve endmgs mmutely in an effort to find answers to the 
yet unanswered quesUons concerning cumre’s exact pharmacological action 
Out of KQhne’s work came a knowledge of the anatomy of the motor nerves and 
their peculiar endmgs now known as “motor end plates ’’ It was found that in 
the litard, dunng life, the motor end plates were thin, translucent and almost in 
visible but, after death or after the application of strong curare solutions, the plates 
became more opaque and clearly visible Smeo the days of KQhne a large 
number of Investigators have exammed the motor endmgs in many species 
There is much variation in these struoturca and in some varieties of frogs there are 
no large tcrrmnal plates, the motor nerves “run Into the muscle” with a few small 
knob-like structures scattered along their terminal twigs, thus Langley (7) 
maintamed that in the frog there was no evidence of the presence of any tissue 
which could not be identified with certamty as either nerve or muscle Most, 
but not all, mvestigatore (8) are agreed that high concentrations of curare will 
cause changes In the appeamneo of motor nerve terminations Recently Care} 
(9) has described many mtcrosting efleots on the motor end plates, not only os 
the result of the application of strong curare solutions but also following electro- 
cution and poisoning with carbon monoxide, tetraethyl lead, and proatignuno 
Some experimenters have reported that, with lower concentrations of curare, 
morphologicol changes m the end plates of curanted muscle are not found and 
King and Willard (10) usmg d tubocurarine in adequate concentrations to 
produce cumnsation, could find no change m the appeamnee of the motor end 
plates, it was not possible tor them to differontiate, from their histological ap- 
pearanco, which specimens were curanted and which were not Accordmgly 
while it IS undoubtedly true that curare and other poisons are capable of affect- 
ing visible changes m the end plates those changes are not necessarily spcolfic 
for curariiation Furthermore, these changes ha-vc not, as yet been demon 
strated to bo reversible 

Langley’s conclusion from expenments in the first few years of the present 
centur} ore hardly reconcilable with the theory that curaniation is brought 
about by on effeot on the motor end plates It will be recalled that ho found 
that, in denervated muscle, mcotmo will cause contractions, and he showed that 
these nicotine provoked contractions are preventable by curare As mentioned 
above, Langley found that in the frog there is no difficulty in deciding which 
tissues wore nerve and which tissues were muscle Hence, m a denen ated prep- 
aration, the effect of curare was evidently on muscle-tissue itself Langlc}’s 
extensive experiments with curare and other drugs led eventually to his “re 
ceptor” thcorj of drug action and his work was an important factor in the sub- 
sequent acceptance bv many, of the chemical transrmttcr theory nowoTCr, 
the concepts of Elliot, Dixon and Loom were needed before the chemical trans- 
mission theory of neuromyic transmission was extended to stnnted muscle by 
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Dale and his co-workers In the meantime the work of the Lapicques em- 
phasized the electncal aspects of excitabihty An electncal transmission mech- 
anism is implicit m their theones and their work strongly influenced physiological 
thought concerning neuro-muscular physiology for many years 

Assummg for the moment that neurom 5 ric transmission is accomplished simply 
by the shift m electncal potential accompanying the nerve impulse — curanza- 
tion could then be due either to a suppression, partial or complete, of nerve 
impulses at their tenmnals, or to a change m the muscle brought about by curare 
which results m a raised electncal threshold Obviously there is considerable 
difllculty m determining whether or not the ultimate tenmnals of motor-nerve 
conduct impulses Kflhne’s (11) well known attempts to solve this question by 
the use of the branchmg motor-nerves m the frog’s gracilis muscle which enabled 
h im , by means of a longitudmal cut, to divide the muscle m such a manner that 
one portion could be soaked in “strongest curare solution” while the other por- 
tion remamed free of curare, convmced him that the motor nerves, includmg their 
endmgs, were entirely imaffected Unpublished investigations made m the au- 
thor’s laboratory have shown that d-tubocuranne m concentrations up to 
a hundred times greater than those necessary for curanzation, are powerless to 
affect nerve-conduction m the frog sciatic, this was true after 18 hours’ exposure 
of the nerve to the poison — ^but it has not yet been defimtely shown whether or 
not curare m some way prevents the spread of the impulse from the axon over 
the terminal surface of the nerve Kuffler (12) has reported exqieriments that 
show, following the apphcation of curare to the myo-neural junction, a pro- 
gressive decrease m the end-plate spike-potential He pomts out that unless the 
leads are placed m close proxmuty to the end-plate region it is not possible to 
detect this dimmution As Kuffler himself remarks, “it would be of interest 
to know the threshold e p p required for a propagated impulse ” It is impor- 
tant to observe that the end-plate potential is depressed, not abohshed, by curare 

The second possibility, that curare raises the electncal threshold of muscle, 
brings us at once to the much disputed theory of Lapicque It is unnecessaiy 
to discuss this theory at length, nor is it necessary to present the views of La- 
picque's opponents This dispute has been reviewed m this journal by Davies and 
Forbes (13) It 11111 sufiBce to say that neither the doctrme of isochronism for 
normal nerve and muscle nor the behef that beterochromsm exists m curanza- 
tion IS acknowledged umversally This should not be allowed to detract from 
the usefulness of Lapicque’s concept of chronaxie, nor should it be forgotten 
that Lapicque’s theory of curanzation (14) has been of great value m stimulating 
mvestigations m nerve and muscle physiology dunng most of the first half of 
this century. However, m view of the divergent views negardmg the strength- 
duration curves of muscles and their motor nerves, and the many disagreements 
regardmg the validity of the vanous techniques employed, (for details of which 
see the review by Davis and Forbes referred to above) it is obvious that any 
theory of curanzation based on changes in ekcincal threshold of muscle is likely 
to meet with much justifiable cnticism 

Accordmg to proponents of the chemical theory of neurom 3 ac transmission. 
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curamatatm resulta either from failure of production of transmitter or from 
failure of the transmitter to accomplish its normal effect upon muscle There is 
no evidence at all for the former but considerable evidence for the latter view 
This evidence is as follows Dale and co-workers have shown that muscles per 
fused ivlth physiological solutions, when stimulated by their motor nerves, cither 
before or durmg curamatlon, hberate an acetylchohne-hke substance into the 
perfusate (16) In the writer’s laboratory we have succeeded m showing that, 
m the esermlsed dog, the venous blood from muscles, stimulated by their motor 
nerves, both before and during euransation, contains a substance capable of 
stimulating rabbit gut »n vUro and arresting the perfused frog heart These 
effects on the rabbit-gut and frog heart by the venous blood are prevented by 
atropme The substance contained In venous blood from stimulated muscles 
was found to differ m its effects upon the test tissues from those caused by excess 
potasamm, thus in control eigioriments the effects of eaenniicd venous muscle 
blood, to which potassium w as added, were compared with the effects obtained 
with those of csenniscd blood obtamed from stimulated muscles, the effects of 
the latter were more readily oboUshed by atropme than those of the former (16) 
Further evidence that euransation cannot be explamed on the basis of failure 
m the production of the transmitter is provided from expenments in which 
acetylcholme is mjected directly Into an artery As b well known, musclc- 
contractions closely simulating those obtained by stunulation of the motor nerve 
may thus bo obtained Following the injection of curare subsequent m]ectiona 
of acetylcholme are leas effective (17, 18, 19), an observation obviously indicative 
that tiie action of curare is one of suppression of the effect of the transmitter 
rather than its failure of production In denervated muscle the intra arterial 
iniection of acetylcholme readily arouses muscle-contractions and larger amounts 
of acetylcholme when so injected may cause muscle contracture accompamed by 
electneal dlonce Curare prevents the action of acetylcholme in denervated 
muscles, and d tubocuranne, when mjected rapidly m sufficient concentration, 
b capabb of first increasmg the fibrillation and may then cause contractures of 
denervated muscle, during the contractures the spontaneous fibrillations are 
suppressed or abolished, and durmg this time muscles will not respond to acetyl 
choline (20) These findings are supporting evidence for Langley's belief that 
the site of action of curare is the muscle "effector substance ’ (see above), and 
prove beyond question that curare exerts an action on muscles m the absence of 
their nerves. 

Pharmacohgteal anlagontsis lo curore Escrlne and neostigmine and related 
substances containing a methyl-carbaimc ester group abolish the action of curare 
These substances have been extensively examined by Bnscoo (21) and others 
(22) Thev are known to inhibit tho activity of serum acetylcholine esterase 
and thb fact b frequently used to explain their pharmacological actions This 
explanation b, unfortunately, not entirely adequate as is Indicated by tho fol- 
lowing facts Wilson and Wnght (23) have shown that acetylcholine injected 
intra-arterinlly into curanred muscles has but httle effect , however, tho combined 
effect of tho mjection of acetylcholme and prostigmmo is greater than either m 
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]ected alone These authors have also shown that potassium greatly accelerates 
the decuranzation effect of prostigmine We find that the potency of Intocos 
tnn (which inhibits acetylcholine esterase) is not measurably mfenor to that 
exhibited by the same quantity of d-tubocuranne contamed in it, although d- 
tubocuranne itself has little or no inhibitory effect on the above en 2 !yme (24). 

The antagonism of calcium to curare is of remarkable interest and it has been 
shown by Eccles and co-workers (25), Feng (26), and others (27), that the restora- 
tion of mdirect excitabihty following the local-apphcation of calcium to the cur- 
anzed nerve-muscle junction is accompamed by an mcrease m the spike potential 
of the end-plate region However, it has also been shown that the exposure of 
a nerve muscle preparation to a solution low in calcium mcreases enormously 
the sensitivity of the muscle to the mtra-arterial injection of acetylchohne (28) 
On the other hand, it is said that m the mtact animal, the admmistration of para- 
thyroid hormone raises the tolerance for curare (29) Dihydrotachysterol also is 
alleged to have the same effect (30) On the basis of present knowledge these 
somewhat paradoxical observations are difiScult to harmomze However, un- 
reported experiments from this laboratory indicate that calcium-lack decreases 
the restmg potential of motor nerve and that this decrease m restmg potential 
is closely associated with the mcrease m sensitivity of the muscle to acetylchohne, 
as observed by Kuflder (1944) Phrthermore, this mcrease m sensitivity to ace- 
tylchohne IS the probable cause of the repetitive discharges followmg a smgle 
nerve volley such as possibly occurs m some forms of tetany The beneficial 
effect of curare m tetany may be, m part, due to the raised threshold of muscle 
to acetylcholme which reduces, or perhaps abolishes, repetitive muscle responses 
However, accordmg to Kuffler (1944), curanne does not prevent the twitches of 
frog muscle obtained tn mlro upon exposure of the muscle to low calcium, on the 
contrary w'e find m prelunmary and unreported experiments that the addition of 
d-tubocurarme to the low calcium solution decreases the spontaneous activity 
of frog muscle immersed in it ^ 

The antagomstic effect of epmephnne upon curarization has been attnbuted to 
the effect of this substance on tissue permeabihty (31) However, accordmg to 
Mies (32), the effect is mdirect and is m part due to the action of epmephnne on 
the blood vessels m close proximity to the nerve-muscle junction Certainly 
augmentation of blood-flow m muscle is likely to shorten the duration of action 
of curare Guanidme, one of the most powerful decuranzmg agents (33), ap- 
pears, like calcium, to raise the spike-potential m the vicmity of the motor 
end-plate when smgle stimuh are applied to the nerve 

The reviewer has advanced the h 3 q)othesis that many of the effects of curare, 
acetylcholme, and other substances possessmg pharmacological actions at the 
region of the junction between muscles and their motor nerves (34), can be har- 
momously composed by the assumption that the function of the motor nerve is, 
m reality, inhibitory to the muscle fibres which otherwise undergo spontaneous 

5 Subaequehtly reported, see Wendt, Bernard P , and A B McIntjTe Proc Am 
Physiol Sec 6 224, 1947 
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and rhythmic contractions This inhibition is attributed to the positive (resting) 
charge on the axon terminal surface uhich, by its presence, is supposed to favor 
acetylchohne esterase activity in the region and effectively prov ont the accumula 
tion of significant concentrationa of acetylchohne When the surface of the nerve 
termination becomes more negative as a result of the amval of a motor impulse, 
or as a consequence of injury, a reversal of the activity ef the ensyme system is 
now hypothecated, and choline is thus acetylated The resulting acetj Icholme 
in turn effects the muscle “receptor surface" which is depolanied and the muscle 
contracts This hypothesia accounts for the mterrelationship between calcmm 
ion concentration and aoetylchoUno sensitivity, because, accordmg to this con 
cept, a reduction of the resting potential of the motor end plate would cause an 
increase in the concentration of acetylcholine, thereby mcrcasing the effective- 
ness of any acetylchohne applied We find that increasing the concentration of 
calcium ions m the fluids surroundmg nerve, increases the positive restmg po- 
tential at its surface Accordmg to the above hypothesia this would tend to 
keep the activity of ocetycholine esterase high and consequently the concentre 
tion of acetj Ichohne at a minimum, and may, if the concentration of calcium bo 
sufficient, result in a block of neuro muscular transmission According to this 
hypothesia the spontaneous fibrillation of denervation should bo mterruptod by 
curare, but Solandt and Magladeiy (36) report that neither anesthetics such as 
ether and the barbiturates nor atropme, curare and eserino prevent the fibnlla 
tion of denervation, we find that d tubocurarine injected bitra-artenall) mto 
denervated fibnllatmg muscles will, when injected sufficicntl} rapidly, inter 
rupt spontaneous fibnilntion as electrically recorded by standard cathode ray 
techniques (See ref 20 ) Feinstom ot al (30) have shown that it is very im 
portant to control the temperature ot muscles in such experiments, and some of 
the above discrepancies may possibly bo accounted for on this basis. In our 
experiments the blood supply was interrupted only momentarily and significant 
temperature changes did not occur 

Effecia oj curore on the autonomic vervova eyaiem and central nervoua aytlem 
Interest m the classiea] action of curare has resulted In other pharmacological 
aspects of curare being somewhat neglected, but these are important For ex 
ample, curanne applied to autonormo ganglia is capable of blockmg synaptic 
transmission in these structures (37) Wth concentrations of d tubocurarine 
adequate for curaniation of striated rausdo, in our experience this effect occurs 
rather slowly (38) The interruption of transmission at autonomic ganglm ap 
pears to bo the result, not of interference with the production of acetylcholine, 
but due to interruption of Its effectiveness at the surface upon which it normallj 
acts. This la strongly indicated by experiments performed bj us in which a 
frog heart was perfused with the perfusate from a turtle heart The concentre 
tion of ions in the solution used for perfusion was carefully adjusted so as to bo 
compatible with both the (donor) turtle heart and the (recipient) frog heart 
though unavoidably, less so than solutiona best suited to one or the other 
When the turtle v agus w ns stimulated the arrest of the turtle heart was promptly 
followed by arrest of the (recipient) frog heart By diverting the jiorfusate 
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jected alone These authors have also shown that potassium greatly accelerates 
the decuranzation effect of prostigmine We find that the potency of Intocos 
tun (which inhibits acetylcholine esterase) is not measurably infenor to that 
exhibited by the same quantity of d-tubocurarme contained in it, although d- 
tubocurarme itself has little or no inhibitory effect on the above enzyme (24). 

The antagomsm of calcium to curare is of remarkable mterest and it has been 
shown by Eccles and co-i\ orkers (25), Feng (26), and others (27), that the restora- 
tion of mdirect excitabihty folloivmg the local-application of calcium to the cur- 
axized nerve-muscle junction is accompamed by an mcrease m the spike potential 
of the end-plate region However, it has also been shown that the exposure of 
a nerve muscle preparation to a solution low in calcium mcreases enormously 
the sensitivity of the muscle to the mtra-artenal injection of acetylcholine (28) 
On the other hand, it is said that in the mtact animal, the admmistration of para- 
th 3 rroid hormone raises the tolerance for curare (29) Dihydrotachysterol also is 
alleged to ha\e the same effect (30) On the basis of present knowledge these 
somewhat paradoxical observations are difficult to harmonize However, un- 
reported experiments from this laboratory indicate that calcium-lack decreases 
the restmg potential of motor nerve and that tlus decrease m restmg potential 
IS closely associated with the mcrease m sensitivity of the muscle to acetylcholme, 
as observed by Huffier (1944) Furthermore, this increase m sensitivity to ace- 
tylcholme IS the probable cause of the repetitive discharges following a smgle 
nerve volley such as possibly occurs m some forms of tetany The beneficial 
effect of curare m tetany may be, in part, due to the raised threshold of muscle 
to acetylcholme which reduces, or perhaps abolishes, repetitive muscle responses 
How'ever, according to Huffier (1944), curanne does not prevent the twitches of 
frog muscle obtained tn vttro upon exposure of the muscle to low calcium, on the 
contrary w’e find m prelimmary and unreported expenments that the addition of 
d-tubocuranne to the low calcium solution decreases the spontaneous activity 
of frog muscle immersed m it ^ 

The antagomstic effect of epmephnne upon curanzation has been attributed to 
the effect of this substance on tissue permeabihty (31) How'ever, according to 
Mies (32), the effect is mdirect and is m part due to the action of epmephnne on 
the blood vessels m close proximity to the nerve-muscle junction Certamly 
augmentation of blood-flow in muscle is likely to shorten the duration of action 
of curare Guanidme, one of the most powerful decuranzmg agents (33), ap- 
pears, like calcium, to raise the spike-potential m the vicimty of the motor 


end-plate when smgle stimuh are applied to the nerve 

The reviewer has advanced the h 3 q}othesis that many of the effects of curare, 
acetylchohne, and other substances possessing pharmacological actions at the 
region of the junction between muscles and their motor nerves (34), can be har- 
momously composed by the assumption that the function of the motor nerve is, 
m reality, mhibitory to the muscle fibres which otherwise undergo spontaneous 


1 Subsequently reported, see Wendt, Bernard F , and A R McIntyre Free Am 


Physiol Soc 6 224, 1947 



OmAKE IN OUNICAL MEDICINE 


469 


and rhythmic contractiona This inhibition is attributed to the positive (resting) 
charge on the axon terminal surface which, by its presence, is supposed to fai or 
acetylchohne esterase activity m the region and effectively prevent the accumula 
tion of Hgmficant concentrations of acetylchohne When the surface of the nerve 
termination becomes more negative as a result of the arrival of a motor impulse, 
or ns a consequence of mjury, a revcreql of the activity of the enzyme sjstem is 
now hypothecated, and choline is thus acetylated TTie resultmg acetylcholine 
m turn effects the muscle “receptor surface” which is depolarized and the muscle 
contracts This hypothesis accounts for the mterrclatlonship between calcium 
ion concentration and acetylcholine sensitivity, beenuao, according to this eon 
cept, a reduction of the resting potential of the motor end plate would cause an 
increase m the concentration of acetylcholine, thereby bcrcasing the effective- 
ness of any acetylchohne applied. Wo find that mcreasmg the concentration of 
calcium ions m the fluids surroundmg nerve, increases the positive resting po- 
tential at its surface According to the above hypothesis this would tend to 
keep the activity of acetycholme esterase high and consequently the concentra 
bon of acetylchohne at a minimum, and may, if the concentration of calcium bo 
sufficient, result m a block of neuro-muscular transmission According to this 
hypothesia the spontaneous fibnllabon of denervation should be mterruptod by 
curare, but Solandt and Magladcry (36) report that neither anesthebes such as 
ether and the barbiturates nor atropme, curare and eserine prevent the Cbnlla 
tion of denervabon we find that d tubocuranne bjected mtra arterially bto 
denervated fibrillabng muscles will, when mjectod suffleienU) rapidly, inter 
nipt spontaneous fibnUation as elcctncally recorded by standard cathode my 
techniques (Bee ref 20 ) Femstem et al (30) have shown that it is very im 
portant to control the temperature of muscles b such experiments, and some of 
the above discrepancies may possibly be accounted for on this basis In our 
oxpenmenb the blood supply was mtorrupted only momentonlj and significant 
temperature changes did not occur 

Effedt of curare on the autonomic nerwnis eystem and central nervous eyslem 
Interest b the classical acbon of curare has resulted m other pharmacological 
aspeeb of curare being somewhat neglected, but these are important For cx 
ample, curarme apphed to autonomic ganglia is capable of bloctang sjnaptio 
transmission b these structures (37) With concentrations of d tubocuranne 
adequate for curanzabon of striated muscle, b our expenence, this effect occurs 
rather slowly (38) The btemipbon of transmission at autonomic ganglia ap- 
pcara to be the result, not of mtcrferonce with the production of acotj Icholme, 
but due to interruption of its effectiveness at the surface upon ahich it normally 
acts. Tbs is strongly indicated by oxponmonts performed by us m which a 
frog heart was perfused with the perfusate from a turtle heart The concentra 
tion of ions m the solution used for perfusion was carefully adjusted so as to bo 
compabblo mlh both the (donor) turtle heart and the (recipient) frog heart, 
though, unavoidably, less so than solutions best suited to one or the other 
When the turtle \ agUB w as stimulabxi the arrest of the turtle heart n as promptly 
followed by arrest of the (recipient) frog heart By dlvertbg the perfusate 
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from the (recipient) frog heart dunng curanzation of the donor heart and then, 
duiing the stimulation of the turtle vagus, agam allowmg the perfusate to flow 
through the frog heart, it was sometimes possible to obtam arrest of the recipient 
heart without arrest of the donor heart This strongly mdicates that although 
stimulation of the vagus produced vagus-sioffe in adequate quantities to arrest 
the recipient heart it was unable to arrest the curanzed turtle donor heart It 
should be pointed out that generally both the donor and recipient hearts were ar- 
rested upon stimulation of the turtle vagus Arrest of the recipient heart only 
was seen in experiments m which the apphcation of curare had been prolonged 
These and other experiments with curare lead us to beheve that, m general, 
cholinergic structures are more easily affected than adrenergic structures At 
first possibly both are stimulated transiently, and later paralyzed, so that auto- 
normc transmission from pre- to post-ganghonic neurones gradually fails and may 
cease entirely after exposure for sufficiently long penods of time to adequate 
concentrations of the drug The effects of curare on the secretions are many 
The hterature is full of contradictions and mconsistencies This is because the 
effects of curare upon the glands are probably mediated by its effects upon the 
autonomic system and the results obtamed depend upon the duration of the ex- 
periments and the amount of curare used Another factor responsible for diver- 
gent reports is, no doubt, the differences m the vaneties of curare used The 
followmg facts seem to be fairly well established As a result of curanzation, 
the blood sugar rises The urme output falls ivithout a significant change m 
blood-pressure We suggest, without complete evidence, that the dimmished 
urme secretion is the result of an mcrease m output of postenor pituitary hor- 
mone — the urme dunng curanzation frequently contains much sodium chlonde 
The tolerance to insulm is mcreased Somewhat surpnsmgly, when the convul- 
sions m febrile conditions are controlled by curanzation, the body temperature 
remains elevated A large number of observations concemmg miscellaneous 
actions of curare reported by numerous mvestigators have been collected by the . 
wnter (39), space does.not permit their quotation here 

The effects of curare on abnormal muscle-tone The effects of curare on the 
hypertomcity of muscle m decerebrate animals was first mvestigated by Bremer 

(40) , who showed that curare was capable of reducmg the muscle-tonus in such 
animals This was accomplished without the production of classical curanza- 
tion, the animals bemg able to walk without noticeable impairment of their 
gait Somewhat parallel observations were reported by Hartridge and West 

(41) in tetany m dogs Such animals could bo protected from tetamc convul- 
sions but at the same time retam their abihty to walk, apparently, normally 
West (see ref 31), reported that there was considerable vanation m the effective- 
ness of tetany-control by different curares, some possessing what he termed a 
“hssive” action, whereas others, mcludmg d-tubocurarme, possessed httle or no 
lissive action This alkaloid, as above mentioned, is the active alkaloid con- 
tamed m Intocostrm Consequently it is somewhat surpnsmg to find that 
Intocostnn and d-tubocuranne are today the preparations chiefly used clinically 
m the treatment of spasticities Burman (42), who was the first to report on t e 
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USB of cutanfonn drugs in the treatment of spastic patients in this country, made 
his initial investigations before Intocostrm was availnble, and the botanici source 
of the curare he used is not entirely clear Later Harvey and Masland (43) 
reported unfavorably on the results of curare m spastic conditions The writer 
has had the opportunity of seeing a number of spastic patients who appeared to 
be benefited by the use of Intocostrm, and others, notably some of Doctor 
Schlesinger’s patients, who seemed undoubtedly improved by the mtramuscular 
mjection of d Uibocuranne suspended in oil and beeswax, the effects of which are 
said to persist for as long as three days (44) 

"niese chmeal observations confront the pharmacologiat with a difficult prob- 
lem because m normal dogs the classical peripheral effects of these preparations 
do not, m the reviewer’s experience, persist sufiiciently long to account for the 
duration of the chmeal improvements reported There is also difficultj m ex 
plnming Bremer’s observation 0 o ) on decerebrate rigidity and those of Hnrtndgo 
and West 0 o ) m parathyroid tetany in terms of the classical curaro effect, 
because, as mentioned above, these experimenters did not ohtnm measurable 
interference with the aiumals’ abihty to walk It would seem that in the event 
of the curare preventing a certam proportion of the motor nerve impulses respon 
Bible for the increased muscle tonus from reaching the musciea there would be 
an impairment of muscle-function roughly proportional to the decrease in the 
hypertomcity Should it be demonstrated that m spastic states, ropetitivo 
muscle responses follow smglo motor nerve impulses, wluch seems rather unlikely, 
the beneficial effects of curare m spasticities would be more readily understand 
able. During ouransation, as is well known, a muscle will rapidly lose its abihty 
to mamtain a tetanic contraction and then respond by a smgle twitch to an 
indirect tetanic stimulus. This phenomenon, however, is hardly adequate to 
explain the relief believed to bo afforded by curare m hjqiertomcity The 
question is further compheated by the fact that West (be ) w os unable to find 
a lissivo action with d tubocurarine Admittedly knowledge of the numerous 
factors responsible for pathological hypertomcity is incomplete and accordmgly 
a discussion of the mode of action of curare in these conditions is consequontlj 
speculative rather than factual It seems possible that the effects of curaro in 
spastic states may depend, at least m part, upon some mechamam other than 
its classical penpheral action Accordmgly attention is drawn to the observa 
tions of Denhoff and Bradley (46), who state that their spastic patients expen 
enced subjective manifestations followmg mjection with effective doses of curare 
These subjective symptoms might bo interpreted ns suggestne evidence of a 
central nervous system action of the drug, and West (40) has quoted the w ords of 
one of his patients whoso subjective reactions, while under curare therapy, clearly 
indicated marked distuibnnccs of the scnsonum The pharmacological notions 
of curaro on the brain and cord have been largelj ncgiected but com ulsions, 
followmg intrn aortic injections, have long been known to occur (47), and when 
curaro gams access to the vcntncles marked disturbances of the CUB result 
(48) Both Harlow (49) and Glrden (60) have mvestigated the effects of curaro 
on conditioned reflexes in dogs and both report changes in the responses of cur 
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amed animals which they attnbute to central actions Girden believes that the 
curanzed dog suffers amnesia The electncal activity of the frog’s C N S has 
been mvestigated by Pick and his associates (61), who find a depression of activ- 
ity which may last several days m the curanzed animal We find that the im- 
mediate effect of rapid mjections of d-tubocuranne mto anesthetized dogs is a 
transient mcrease m amphtude of the electroencephalographic record promptly 
followed by a decreased electncal activity of the bram (62) It is possible to 
cause sudden and complete arrest of respiration and death by the rapid intra- 
carotid mjection of d-tubocurarme, respiration may cease before mdirect ex- 
citability of the diaphragm is lost It is desirable that the mechanisms responsi- 
ble for the decrease m muscle hy^pertomcity observed climcally be mvestigated 
with the possible r61e of these actions of curare on the C N S m mmd It is 
conceivable that the effect obtamed m spastic patients mvolves actions of curare 
on reflex pathways, resultmg m impairment of synaptic transmission, which m 
the abnormal C N S may be sufficiently modified by curare to account, m part, 
for the chnical benefits claimed The subject obviously requires further m- 
vestigation 

The use of curare in shock-therapy and anesthesia At the suggestion of the 
author, A E Bermett (63) began the use of a partially purified and carefully stand- 
ardized solution of curare, prepared m this laboratory, on psychopathic patients 
undergomg metrazol shock-therapy The mcidence of trauma resultmg from the 
convulsions was reduced to the vamshmg point, without dummshmg the ratio 
of successful to unsuccessful treatments Subsequently vuth the development 
of electro-shock therapy the use of curare m shock-therapy has contmued and 
IS today used m perhaps a majonty of institutions where this type of therapy is 
employed It is probable that the dosage of curare for use with electro-shock 
therapy should be somewhat less than that formerly used m metrazol shock- 
therapy The reason for this is that metrazol is antidotal to curare whereas 
electro-shock-therapy is not hllectroencephalographic records, obtamed by us, 
indicate that both curare and electro-shock result in decreased electroactmty of 
bram, hence, when both are employed together, they may augment each other 

Griffith and Johnson (64) mtroduced the use of curare as an adjuvant m anes- 
thesia and Griffith (65) has extensively mvestigated the usefulness of the drug m 
this field Cullen (66) has also mvestigated curare m anesthesia and Gross and 
Cullen (57) have made the important observation that with ether the amount of 
curare necessary to obtam good muscle-relaxation is considerably less than with 
such anesthetics as cyclopropane In the opmion of the author cyclopropane 
anesthesia ivith curare approaches the ideal in anesthesia for a wide vanety of 
surgical procedures The deep relaxation obtamed mth curare supphes the one 
deficiency of cyclopropane In abdominal surgery another advantage of curare 
IS that the gut is rendered “small” and mactive Presumably this effect on the 
gut IS caused by an effect upon synaptic conduction m the autonomic system 
because we find that the concentrations necessary to modify rabbit jejun^ 
in mlro far exceed those likely to be present when the drug is used m man Wh e 
the cluef value of curare m anesthesia undoubtedly resides in the muscle re axa- 
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tion obtamfid due to the dnig*« classical peripheral action there is disagreement 
as to what r61e, if auv, is played bv its central actions. There have been a 
number of papers which report the administration of \ery large doses of curare 
to patients, either bv accident or bj design, m which it appeared that anesthesia 
resulted, and in some mstances major surgery has been successfully accomplished 
under curare alone (5S) On the other hand. Dr Scott M Smith (59) allowed 
himself to be mjecled with d tubocuranne to the pomt of complete curanzation 
without the loss o' consciousness It is possible that the rate of administration 
of d tubocuranne m Smith s experiment was insuffiaentlv great to produce the 
effects reported bv others. This important question requires further mvestiga 
tiona. It 13, however, not too easy to find competent observers who exhibit the 
devotion to science shown by Doctor Smith 

The use of curare for the control of convulsions m tetanus dates back to the 
early part of the 19th century and the literature on this topic has been previously 
renewed by the author (CO) There a no evidence at present that curare is 
capable erf Bavmg the patient's hfe although control of connilaons can be rather 
readily accompfished. One of the difficulties m the prolonged use of curare for 
the mamlenancc of deep curaiiratxon is that m eipenmenlal nnrmnl.*; at least 
the sTumal gradoaDv succumbs. The mechanism of death is obscure (61) 
The renewer bdieves that death ts related to the gradual interroption of function 
of the C.h» 5 brouiht about by the prolonged action of ciunre In spite of this 
the experimental use of curare m 8e\'ere human tetanns is foUv justified when 
adequate facilities for maintaining effective artificial respiration are available. 
Heliance on atmosphenc pressure to fill the lungs, as for example, when an * non 
lung** 13 used, mar result in madequate pulmonarv ventilation due m part to 
bronchial spasm Methods employmg positive pressure should therefore be 
used. 

Ransohoff (62) has taken advantage of curare to decrease the pamful muscle 
spasm frequently found early in pohomyeblis, thereby rendermg his patients 
more comfortable and facilitatmg the eariv application of ph>'SiO‘therapy On 
the basis of present knowledge it should not be assumed that there is anv dtreef 
beneficial effect exerted b\ curare 

The only known contramdications to the use of curare are during the acute 
paralytic stage of poIiomN'dilis and m myatihrma grans a disease m which fen 
sitivity to curare is markedly mcreased- The manj paralldisms between partial 
curamation and myatihema grant have been described bv Bennett MclntjTC 
and Cash (C3) The antidotal value of esenne and prcetigmme bromide ha\*e 
been compared by the author (61) and the former was found to be supenor, 
howe^'er subsequent work has shown that prostigimne tntlhgl tulfale is fully as 
effective os esenne. 

It IS unnecessarv to enumerate all the dmical applications of curare which 
have attempted, they mdude the treatment of such di\*erse condiboos as 
persistent smgultus dysmenorrhea, cpHepty and as an aid m endoscopy Tb^ 
have been discussed in some detail elsewbere (65) If the claim of the successful 
treatment of d\sinenoTThca b substantiated it is obvious that the practical 



472 


A K MCINTTBE 


anzed animals ^ hich they attnbute to central actions Girden believes that the 
curanzed dog suffers amnesia The electncal activity of the frog’s CN5 has 
been mvestigated by Pick and his associates (51), who find a depression of aotiv 
ity which may last several days m the curanzed animal We find that the im- 
mediate effect of rapid mjections of d-tubocuranne into anesthetized dogs is a 
transient mcrease m araphtude of the electroencephalographic record promptly 
followed by a decreased electncal activity of the bram (62) It is possible to 
cause sudden and complete arrest of respiration and death by the rapid intra 
carotid mjection of d-tubocurarme, respiration may cease before mdirect ex 
citability of the diaphragm is lost It is desirable that the mechanisms respona- 
ble for the decrease m muscle hypertonicity observed clinically be mvestigated 
with the possible r61e of these actions of curare on the C N S m mmd It is 
conceivable that the effect obtained m spastic patients mvolves actions of curare 
on reflex pathways, resulting m impairment of synaptic transmission, which in 
the abnormal G N S may be sufficiently modified by curare to account, m part, 
for the chmeal benefits claimed The subject obviously requires further m- 
vestigation 

The use of curare tn shock-therapy and anesthesia At the suggestion of the 
author, A E Bennett (53) began the use of a partially punfied and carefuUystand- 
ardized solution of curare, prepared in this laboratory, on psychopathic patients 
undergomg metrazol shock-therapy The incidence of trauma resultmg from the 
convulsions was reduced to the vanishmg point, without dimmishmg the ratio 
of successful to unsuccessful treatments Subsequently with the development 
of electro-shock therapy^ the use of curare m shock-therapy has contmued and 
IS today used m perhaps a majority of institutions wffiere this type of therapy is 
employed It is probable that the dosage of curare for use with electro-shock 
therapy should be somewhat less than that formerly used m metrazol shock- 
therapy The reason for this is that metrazol is antidotal to curare whereas 
electro-shock-therapy is not Electroencephalographic records, obtained by us, 
indicate that both curare and electro-shock result m decreased electroactn ity of 
bram, hence, when both are employed together, they may augment each other 

Griffith and Johnson (54) introduced the use of curare as an adjuvant m anes- 
thesia and Griffith (55) has extensively mvestigated the usefulness of the drug m 
this field Cullen (56) has also mvestigated curare m anesthesia and Gross and 
Cullen (57) have made the important observation that wuth ether the amount of 
curare necessary to obtain good muscle-relaxation is considerably less than with 
such anesthetics as cyclopropane In the opmion of the author cyclopropane 
anesthesia with curare approaches the ideal m anesthesia for a wide vanety o 
surgical procedures The deep relaxation obtamed wuth curare supplies the one 
deficiency of cyclopropane In abdoramal surgery another advantage of cur^ 
IS that the gut is rendered “small” and mactive Presumably this effect on t e 
gut IS caused by an effect upon sjmaptic conduction m the autonomic system 
because we find that the concentrations necessary to modify rabbit jejim^ 

tn trtfro far exceed those likely to be present when the drug is used m man e 

the chief value of curare m anesthesia undoubtedly resides m the muse e re axa 
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bon obtained due to the drug's classical peripheral action, them is disagreement 
ns to what r6Ie, if any, is played by its central actions. There hayc been a 
number of papers which report the admmislratlon of \ cry large doses of curare 
to pafaents, either by accident or by design, m w hich it appeared that anesthesia 
resulted, and m some instances major surgery has been successfully accomplished 
under curare alone (68) On the other hand Dr Scott M Smith (69) allowed 
himself to be injected mth d tubocumnne to the pohit of complete curaniation 
without the loss of consciousness It is possible that the rate of administration 
of d tubocurarine in Smith’s eigienment was insufi6ciently great to produce the 
effects reported by others. This important question requires further invcstiga 
bons It is, however, not too easy to find competent observers who enhibit the 
devobon to science shown by Doctor Smith 

The use of curare for the control of convulsions m tetanus dates back to the 
early part of the 19th century and the literature on this topic has been previously 
reviewed by the author (00) There is no evidence at present that curare is 
capable of saving tho pabont’a life although control of conmlsioiis can be rather 
readily accomplished One of the difficulties m tho prolonged use of curare for 
tho mamtenance of deep curantabon is that, in experimental animals at least, 
tho animal gradually succumbs The mechanism of death is obscure (01) 
Tho reviewer behei es that death is related to tho gradual mtcmipbon of function 
of the CJ45 brought about by the prolonged action of curare In spite of this 
the expenmental use of curare m severe human tetanus is fully justified when 
adequate facUitles for mamtaining effective artificial respiration are available. 
Reliance on atmospheric pressure to fill the lungs, ns for example, when an "iron 
lung” is used, may result m inadequate pulmonary ventilabon duo in part to 
bronchial spasm Methods employing positive pressure should therefore be 
used 

Ransohoff (62) has taken advantage of curare to decrease tho painful muscle 
spasm frequently found early m poliomyelitis, thereby rendenng his patients 
more comfortable and famhtatmg tho early apphcation of physio-thcrapy On 
the basis of present knowledge it should not bo assumed that there is any direct 
beneficial efiect exerted by curare. 

The only known contramdications to tho use of curare are dunng tho acute 
paralybc stage of poliomyelitis and in myaeOicnta gram, a disease m which sen 
sitivity to curare is markedly increased The many parallelisms between partial 
curaniation and myatOienia gravu have been desenbed by Bennett, McIntyre 
and Cash (03) The antidotal value of escrine and prostigraine bromide have 
been compared by tho author (01) and the former was found to bo supenor, 
howov or, subsequent work has shown that prostigmmo methyl mifaie is fully as 
effective os csenne. 

It IS unnecessary to enumerate all the clinical appheabons of curare which 
have been attempted, they include the treatment of such diverse conditions as 
jjersistent amgultus, dysmenonhea, epilepsy and ns an aid m endoscopy They 
hav 0 been discussed in some detail elsewhere (05) If tho claim of tho successful 
treatment of dysmenorrhea la substantiated it is obvious that the practical 
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pharmacological use of curare is not necessarily limited to its classical effect on 
skeletal muscle 


SDMMABY 

1 The mechanism of curanzation cannot be completely explamed until the 
problem of neuro-muscular transmission is fully solved 

2 Curare possesses, m addition to its classical action on neuro-muscular trans- 
mission, an action on autonomic synaptic transmission which transmission it is 
capable of blockmg 

3 The effects of a suflBcient concentration of a curare on the central nervous 
system are a transient mcrease m actimty, followed by decreased activity 

4 The above pharmacological actions of curare can be tentatively attributed 
to its effect upon chohnergic structures, whose ability to respond to acetylcholine 
IS selectively and progressively modified 

5 The clmical use of curare, m shock-therapy and anesthesia, is thoroughly 
established The full evaluation of the use of curare in spasticities awaits further 
experimentation 

6 The clmical use of curare for the treatment of conditions other than those 
mvolvmg the stnated musculature is provocative of mterest but must be viewed 
with cautious reserve 
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porphyrin isolated from the porphyna case were found to have the configuration 
of aetioporphynn I, while the protoporphyrin of the heraoglobm molecule was 
later shown to have the typo HI structure’ (24p) Fischer thus ruvealed the 
"dualism” of the porphyrins m nature Although thrones of porphyrin syn 
thesis in the animal organism have been proposed which postulate a minute 
formation of type II or IV porphyrins (16g, i, 94), thej hai o never been isolated 
from natural material nor has any evidence been described to mdicate their 
occurrence. 

As win be discussed subsequently, the formation and excretion of copro- 
porphynns I and m, varying m relative and absolute amounts under different 
arcumstances, has been well established. Their fundamental significance, 
however, is but poorly understood. The formation and excretion of uroporphy 
nn I has come to bo recognised as a characteristic feature of the metabolic error 

CH, COOH 


CH, 

HOOC H,0 

HOOO CH, CH, COOH CHt COOH 

C„H„0,N, C,.H,.O.N, 

Fif 1 Btnictur&l fonnol&e of coproporphyria 1 asd of protoporphyrin 0 (iaomer type 
111), according to H Fischer (24 d) 

which constitutes porphyna, in oontradistincUon to the idiopathic or secondary 
copropoiphynnunas The position of uroporphyrin HI In the porphyrin scheme, 
is much less secure Recent studies (32o, lOOq) have shown that what has 
formerly been designated as uroporphyrin III is actually a mixture of uropor 
phynn I with a typo III porphynn, the latter, howe\er, not having the elemen 
tary composition of a uroporphyrin isomer The uroporphynn problem would 
require separate consideration from many standpomts, and except where it 
relates m an intimate way to the unnaiy coproporphyrm, it will not be included 
in the ensuing review 

* Actually this ia dealenated as protoporphimii 0 since It corresponds in configuration 
with tneaoporphyiln 9 Fiecher further classified porphyrins having more than two tjpes 
of side groups on ibo basis of correspondenco in configuration with one of the 16 meso* 
porphyrins The Utter have four methy} two ethyl and two propionic add side groups 





THE UmNAHY COPROPORPHYRINS IN HEALTH AND DISEASE^ 

CECIL JAMES WATSON and EVREL A LARSON 
Deparlment of Medtctne, Umveratly of Mtnnesola Hospital, Minneapolis 

The hterature relating to the urinary poiphynns has become so extensive that 
it would scarcely be feasible to review it comprehensively m the space which has 
been allotted to the present paper The authors have stnven rather to bnng 
together the essential pieces of information which comprise the existmg knowl 
edge of the subject A number of revieivs have appeared to which the reader 
is referred for additional onentation to the hterature, both with respect to the 
urmary porphjTins (9d, 16i, 99c), and to poiphyrm metabohsm m general 
(9c, 11, 16i, 24e, k, 32a, b, d, 68b, 73b, 78b, 97c, lOOg, h) Because of space 
restnction, the present review ivill concern itself mainly with the urmary copro- 
porphynns Other porphyrins and other aspects of the coproporphyrm problem 
ivdl be considered only as they relate to the copropoiphyrms of the unne 

The term uro- and coproporphyrm have proven somewhat unfortunate m the 
hght of knowledge of these substances gamed smee Hans Fischer first desenbed 
and named them Pnor to Fischer’s studies, the naturally occurrmg porphyrins 
had been generally assumed to be the hematoporphyrm as first prepared by 
Hoppe-Seyler (41) and later, m crystalhne form, by Nencki and Sieber (64) 
Reasons for this confusion will appear presently Fischer’s first observations 
were made m a case of congemtal porphyria, the famous case Petry, m which the 
unne, as it characteristically does m this disease, contamed large amounts of 
uro- and relatively small amounts of coproporphyrm (24a) The feces from this 
case was found to contam only coproporphyum (24b), and m fact, the presence of 
uroporphynm m the feces of porphyna cases was overlooked until relatively 
recently (80a) Fischer’s isolation of crystalhne uro- and coproporphyrm from 
unne and feces, respectively, imtiated a bnlhant senes of studies of the por- 
phyrins which were tenmnated by his untimely death m 1945 These studies of 
Fischer and his school have provided much of the existmg knowledge concerning 
the structure and chemical mterrelationships of the porphyrins Relatively 
early m the course of this long research, Fischer was able to show that the con- 
figuration of the uro- and coproporphyrm isolated from the case Petry, differed 
from that of the protoporphynn m the hemoglobm molecule (24e) This dif- 
ference may be noted m figure 1, m which it is seen that there is opposite place- 
ment of the methyl and propiomc acid groups on pyrrol nucleus IV (left lower) 
Fischer synthesized the four “aetioporphyuins”, which have only methyl and 
ethyl groups on the poiphyrm rmg (24e, k) These do not occur m nature, but 
they serve as the basis for his classification, m that all other porphymns belong to 
one of four mam types, dependmg upon correspondence of the side groups with 
the methyl or ethyl groups of the aetioporphyrms Thus the uro- and copro- 

1 Aided by grants from the John and Mary R Markle Foundation, New York City, and 
the Medical Research Fund of the Graduate School, University of Minnesota 
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porphyrm isolated from tho porphyria case were found to have the configuration 
of actioporphyrin I, while the protoporphyrin of the hemoglobm molecule a as 
later shown to haio the type m Btructure* (24p) Focher thus roiealcd the 
"duahsm” of tho porphyrins m nature Although theonca of porphynn sj-n 
thesis m the animal organism have been proposed which postulate a mmute 
formation of type 11 or IV porphyrins (16g, i, 04), thej have neier been isolated 
from natural material nor has any evidence been described to mdicate their 
occurrence. 

As will be discussed subsequently, the formation and excretion of copro- 
porphyiios I and HI, varying m relativo and absoluto amounts under different 
circumstances, has been well established. Their fundamental significance, 
however, is but poorly understood The formation and excretion of uroporphy 
nn I has come to bo recognised as a characteristic feature of the metaboho error 

CH, COOH 


HOOC 

HOOO CH, CH, COOH CH, CX)0H 

C„H„0,N, C,.H»0,N, 

Fig 1 Btruotond fonnulae of coproporphyrin I aod of protoporphyrin 9 (laotoer typo 
111) according to B Fischer (24d) 

whicjh constitutes porphyria, in contradistinction to the idiopathic or secondary 
coproporphynnunas. The position of uroporphynn III in tho porphjTin scheme, 
is much less secure Recent studies (32c, lOOq) hn\o shown that what has 
formerly been designated as uroporphynn HI is actually a mixture of uropor 
phyiin I with a type m porphynn, the latter, however, not having the olcmen 
tary composition of a uroporphynn isomer The uroporphynn problem would 
require separate consideration from many standpoints, and except whore it 
relates in an mtimato way to the urinary coproporphyrm, it will not be included 
in tho ensuing review 

' AotiuJly this is designated as protoporphyrin 9, since It corresponds In configuration 
with mesoporphynn 0 Fischer further clsnlfied porphynna haring more than two types 
of side groups, on the basis of coirespondenco In configuration with one of tho 16 xneso' 
porphyrins Tho Istter have four methyl two ethyl and two proplonlo acid ride groups 





480 


CECIL JAMBS WATSON AND EVBEL A LARSON 


The physical constants of the coproporphynns and their metal complexes and 
esters, mcludmg meltmg pomts, crystal habitus, absoiption and fluorescence 
spectra, and solubilities have been given m detail elsewhere (16i, 24k, 49, 50 
lOOh) 

The cjproporphynn of normal unne MacMunn (56), Saillet (76) and Garrod 
(27a, b, c) were the first to recognize the presence of a porphyrm in normal unne 
These earlier mvestigators labored under the difficulty of rather crude spectro- 
scopes with which it was scarcely possible to distmguish between copro- and 
hematoporphyrm, the absorption spectra of which differ by not more than 
10 A (24k) Thus it is not surpnsmg that the porph3Tin of normal unne, as well 
as that found m mcreased amounts m a vanety of pathological states, ivas be- 
heved for many years to be the hematoporph3TTn which Nencki and his co- 
workers first established as a well defined chemical entity (64) Schumm (79a, b) 
recognized the differing absorption spectra of the urinary porphyrm and hemato- 
porphvrm, mdicatmg his belief that the former was identical with Fischer’s 
coproporphyrm (24a, b) This spectroscopic identity was confirmed by Fischer 
and 25erweck (24m) Hoerburger (39a) first purified the coproporphyrm of 
normal human urme, statmg that it was the type I isomer on the basis of the 
crystal habitus of its methyl ester Fmk and Hoerburger (23) reported that the 
pH fluorescence curve oLthis crystallme matenal was that of coproporphyrm I 
Crystals obtamed from the mother hquor exhibited the habitus of the type HI 
isomer Watson (lOOe) isolated 0 13 mgm of crystallme ester from 33 hters of 
normal human urme (one mdividual) The crystal habitus was that of type I, 
but the meltmg pomt was somewhat low at 228‘’C (Coproporphyrm I methyl 
ester melts at 250°C , while the methyl ester of type IH has a dimorphic meltmg 
pomt, 1 e , 135°, 144°, 167-170°C [24i, k] ) This together with the fact that a few 
rosettes of pnsms were obtained from the mother hquor suggested the presence of 
a smaller amount of type III isomer By means of prehmmary concentration on 
infusorml earth, Grotepass (33b) isolated the copropophyrm from 10,000 hters 
of presumably normal human urme, pooled from a large number of mdividuals 
Upon fractional crystalhzation of the yield, which was approximately 200 mgm , 
96 mgm of type I and 87 mgm of type IH were obtamed As pomted out by 
Dobrmer and Rhoads (16i), the chief objection to Grotepass’ conclusion that this 
is the isomer distnbution of normal human unne, is the possibfiity of mclusion 
m the pool of urme from an individual havmg a latent or s5Tnptomless type HI 
porphynnuna It will be noted subsequently that such a condition may easily 
be overlooked Furthermore, it was possible that chemical or metal exposure, 
or alcoholism (vide infra) was present in at least some of the mdividuals con- 
tnbutmg to Grotepass' pool It was desirable, therefore, to know the isomer 
distnbution m a senes of urmes for each of which it had first been determmed 
that the concentration of total coproporphyrm was withm the normal range 
(vide mfra) Data of this type have recently been gamed (100s) m a study of 30 
normal individuals, employmg the differential precipitation “fluorescence quench- 
mg’’ technique (80b, e) The range of isomer distnbution m this study was from 
65 to 92 per cent type I, and from 8 to 35 per cent type IH These 30 mdividuals 
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represented both sexes about equally, but were all below 30 jears of age, the 
majontj being students betT\een 20-25 An additional group of 11 individuola 
of both sexes between the ages of GO-82 wore also studied (lOOs) This revealed 
a slightly higher relative percentage of tj'po III isomer It appears, however, 
that this apparent mcreaso is duo to a mild decrease of type I The range of 
values for the type I and type HI Isomers m the young and old individuals was 
as follows 



roam 

out 

I 

16 — SO'TpardAy 

14 7 — 67 7 per day 

m 

1 4 — 81 7 7 per day 

4 6 — 84 3 7 per day 


The concentration and per diem output of the total coproporphynn m nonnal 
human urme has been determined repeatedly m the past, the reported values 


TABLE 1 

The avtrxxQt normal txertiton. of coproporphynn tn the unn# a# deUrmined 
by vanoui tweelfpciore 


AUISOl. 

Pimm conwwTKor 
DiTna 

Franko and FlkenUeher (25b) 

10-30 

ran den Bergh ot al (Me) 

10-100 

Brngaeh (Ga d) 

4-60 

Tropp and fiiegler (G3a) 

18-110 

VigU«nlet»l (98d) 

1 G-46 

Vannotti (07a) 

10-80 

C«rri« (11) 

0-60 

Lageder (62) 

0-100 

TUol (92a) 

0-100 

Bobriner et al ClOn) 

41-120 

Wataon et al (100a) 

14-00 

Mason and Nesbitt (6Sa) 

0-100 

Franke and Litzner (25o) 

8-7 (per 100 cc ) 


ranging from 1 to 8 r per 100 cc (25o, lOOs, w), and from 0 to 120 y P«r da> 
The results of a number of investigators, as obtained with a \anetj of methods 
(vide infra), are shown m table 1 

The methods of determination have been, in the main, fluonmetno, depending 
upon the cliaractenstic red fluorescence of the porphyrins in Wood s li^it. In 
accordance with Stoke s rule, the excited fluorescent bght is of longer w a\ o length 
than the exciting hght which is absorbed (5a) For the coproporphynns in 1 
per cent HCl the exciting hght is 4010A. (max ) (80f), while m 6, 10, 25 per cent 
HCl, the exciting wa^o lengths are 4018, 4030, and 4058 A (max ) respectively 
(70d) Fluorescence is excited to a lesser extent by hght of 5480 A (max ) The 
fluorcaccnco spectral band is found beUveen 0200-0300 A, maximum at 6250 A 
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The physical constants of the copropoiphynns and then- metal complexes and 
esters, mcludmg meltmg pomts, crystal habitus, absorption and fluorescence 
spectra, and solubilities have been given m detail el8ev\here (16i, 24k, 49, 60 
lOOh) 

The cj-proporphynn of normal wane MacMunn (56), Saillet (76) and Garred 
(27a, b, c) were the first to recognize the presence of a poiphynn m normal urine. 
These earlier investigators labored under the difiScuIty of rather crude spectro- 
scopes with which it was scarcely possible to distmguish between copro- and 
hematoporph3rnn, the absorption spectra of which differ by not more than 
10 A (24k) Thus it is not surprismg that the porph3TTn of normal urme, as well 
as that found in mcreased amounts m a variety of pathological states, was be- 
heved for many years to be the hematoporph3rnn which Nencki and his co- 
workers first established as a well defined chemical entity (64) Schumm (79a, b) 
recognized the differmg absoiption spectra of the urinary poiphynn and hemato- 
porphjTrm, mdicatmg his belief that the former was identical with Fischer’s 
coproporph3rrm (24a, b) This spectroscopic identity was confirmed by Fischer 
and Zerweck (24m) Hoerburger (39a) first punfied the coproporphyrm of 
normal human urme, statmg that it was the type I isomer on the basis of the 
crystal habitus of its methyl ester Fink and Hoerburger (23) reported that the 
pH fluorescence curve of this ciystallme material was that of coproporphyrm I 
Crystals obtamed from the mother liquor exhibited the habitus of the type HI 
isomer Watson (lOOe) isolated 0 13 mgm of ciystallme ester from 33 hters of 
normal human urme (one mdividual) The crystal habitus was that of type I, 
but the meltmg pomt was somewhat low at 228°C (Coprop oiphyrm I methyl 
ester melts at 250°C , while the methyl ester of type HI has a dimoiphic meltmg 
pomt, 1 e , 135°, 144°, 167-170°C [24i, k] ) This together with the fact that a few 
rosettes of prisms were obtained from the mother hquor suggested the presence of 
a smaller amount of type HI isomer By means of prehmmaiy concentration on 
infusorial earth, Grotepass (33b) isolated the coproporphyrm from 10,000 hters 
of presumably normal human urme, pooled from a large number of mdividuals 
Upon fractional crystalhzation of the 3ueld, which was approximately 200 mgm , 
96 mgm of type I and 87 mgm of type III were obtamed As pomted out by 
Dobnner and Rhoads (16i), the chief objection to Grotepass' conclusion that this 
18 the isomer distnbution of normal human urme, is the possibility of mclusion 
m the pool of urme from an mdividual havmg a latent or symptomless type HI 
porphyrmuna It will be noted subsequently that such a condition may easily 
be overlooked Furthermore, it was possible that chemical or metal exposure, 
or alcobohsm (vide mfra) was present in at least some of the mdmduals con- 
tnbutmg to Grotepass’ pool It was desirable, therefore, to know the isomer 
distnbution m a senes of urmes for each of which it had first been determmed 
that the concentration of total coproporphyrm was withm the normal range 
(vide mfra) Data of this type have recently been gamed (100s) m a study of 30 
normal mdmduals, employmg the differential precipitation “fluorescence quench- 
mg” technique (80b, e) The range of isomer distnbution m this study was from 
65 to 92 per cent type I, and from 8 to 35 per cent type III These 30 mdividuals 
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Toprescntod both sexes about equally, but were all below 30 3 care of age, the 
majonty being studcnte bchveen 20-26 An additional group of 11 Individuals 
of both sexes between the ages of 00-82 wore also studied (lOOs) This ro^ ealed 
a slightly higher relative percentage of t>T)e III Isomer It appears, however, 
that this apparent mcrcase is due to a mild decrease of type I The range of 
values for the type I and type HI iscanere m the young and old individuals was 
as follows 



TOeW 

OLD 

I 

16 — S9 Y per daj 

14 7 — 67 Y per day 

in 

1 4 — 81 7 Y per day 

4 6 — 34 3 Y por day 


The concentration and per diem output of the total coproporphynn in normal 
human unne has been determined repeatedly in the past, the reported values 


TABLE 1 

Tht at*rtxgt normal txerelion of copTxtporphvnn inthMurtMOM dettmtnsd 
hy v<iHou$ tnvettt{jator* 


AVtset 

muar cortoKicnmor 
Oftna 31 xxa 

Tranke and Flkentecher (25b) 

10-80 

van don Bergh et al (06o) 

10-100 

Brugsch (9a d) 

4-60 

Tropp and ffieglor (03a) 

18-110 

VigUanietal (88d) 

6-40 

Vannotti (07a) 

10-80 

Carrid (11) 

0-60 

Legeder (62) 

0-100 

Thiel (92a) 

0-100 

Dobriner et al (16n) 

41-120 

Wataon et al (lOOa) 

14-09 

Platon and Keibitt (5Sa) 

0-100 

Franko and Utrnor (26o) 

8-7 (per 100 cc ) 


rnngiiig from 1 to 8 7 por 100 cc (26c, lOOa, w), and from 0 to 120 7 per day 
The resulta of a number of mvoatlgatore, oa obtamed mth a vanety of method 
(v:de bifra), are 8ho^^’n In table 1 

The methods of detemunatlon have been, in the mam, fluonmetno, depcndmg 
upon the charactenstio red fluorcsconco of the porphvrms m Wood’s light In 
accordance with Stoic’s rule, the excited fluorescent light Is of longer \va\ c length 
than the oxciting light nhich is absorbed (6a) For the coproporphj nns in 1 
por cent HCl the oxcitmg light is dOloA. (max.) (80f), iihile m 6, 10, 26 per cent 
HCl, the exciting wave lengths are 1018, 4030, and 4058 A. (max ) respectively 
(79d) Fluorescence IS excited to a lesser extent by light of 6480 A (max ) The 
nuorcsccnco spectral band is found between 0200-0300 A, maximum at 0260 A 
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(51b ) The fluorescence intensity has been measured m vanous ways includini 
the Pulfnch stufenphotometer (22, 25b, 97c, 98d), or fluorophotometers such a, 
the Pfaltz-Bauer (58a) Klett (lOOx), or specially constructed types (63, 96a) 
Spectrometnc (16f, 78f, 79c), and colonmetnc methods (16n, 92a, b) have also 
been employed Fluorescence methods are considerably more sensitive and 
reqmre smaller starting volumes of unne 

In the study of isomer distnbution m 41 normal mdividuals, as referred to in 
the above, the 24 hour quantity of total coipropoiph 3 mn was likewise determined 
m each instance The range was from 14-99 y The statistical significance of 
these findmgs is discussed in more detail elsewhere (lOOs) On the basis of this 
study, it IS beheved that the upper limit of normal is 100 y per 24 hours Tho 
principal sources of error contnbutmg to higher values obtamed with colonmetnc 
methods, as reported by others (20 , 92b) are thought to be the measurement of 
impunties which are mcluded due to insufficient preliminary purification Thus 
it has been noted repeatedly that unless the porphynn is taken back and forth 
twice between ether and HCl, unduly high values result, especially when the 
method depends upon absorption Inadequate purification leads to unduly 
high values with colonmetnc techmques and low' values w'lth those based on 
fluonmetry, m the former because of mcreased absoiption of hght, and m the 
latter because of maskmg of fluorescence, by impurities Thus the method of 
Tropp and Siegler (93a) employs a contmuous extraction apparatus which entails 
prolonged heatmg m boilmg ether, together with any other impunties extracted 
from the unne Experience’ w'lth contmuous ether extraction has revealed 
consistent loss, as contrasted directly with repeated extraction m a separatory 
funnel Nevertheless, Tropp and Siegler’s range of normal values is sbghtly 
higher than ours, as noted m table 1 The reason for this is not apparent 

Pouhkakos and Tropp (69) found little or no relation of the per diem amoimt 
of porphyrm to the volume of unne, m normal mdmduals With mcreased 
excretion of porphjmn, however, relative mcreases were observed with larger 
volumes of urme 

Liver disease and jaundice Garrod (27a, b, c) emphasized the occurrence of 
mcreased amounts of porphynn, beheved by him to be hematopoiphyrm, m the 
urme m cases of hver disease This has been confirmed by many subsequent 
investigators (9d, 16a, 24o, 34b, 65, 96c, 100b, t, u) Fischer and Zerweck 
(24o) showed that it was coproporphjOTn which was mcreased, but did not de- 
termme the preponderant isomer type van den Bergh (96c) found that copro- 
porphyrm appeared m the seram and w as increased m amoimt m the urme, both 
m cases of hver disease and of mechanical or obstructive jaundice He postu- 
lated that this was due simply to a faulty excretion by the hver of the copro- 
porphynn normally present m the bile (96c) As wiU be discussed m more detail 
later, van den Bergh (96c) beheved that this coproporphynn is denved from the 
protoporphyrm of the eiythrocytes, the conversion from one to the other bemg 
regarded as a normal function of the hver Although later studies (77, 98a, 

’ Unpubhfihed 
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lOOn) ha\e not supported this belief, tho finding has been gcncmll} confirmed 
that coproporphytin I 9 regularlj increased m the urine of cases of regurgitation 
jaundice whether due to diffuse h\ cr damage or to biliary obstruction (9d, 10a, 1 , 
66 , 100b, t, u) Thus a recent 8 tud> (lOOo, t, u) has revealed a ngmficant 
elevation, usually from two to four times the upper limit of normal, in a senes of 
cases of mechanical jaundice, and of jaundice duo to hepatitis and cirrhosis 
van den Bergh (96c) observed somewhat higher \alues in mechanical than in 
parenchymal jaundice, but did not attempt to emploj tho unnarj coproporphy 
rm \alue in a differential diagnostic wa\ The data recently reported (lOOo) are 



Com number 

Fif 2 Total coproporphyria In caMt of hepatltii and clrrbools Caa« ID in gronp b waa 
studied about 18 months after tho acute attack of Infectious Jaundico ease 47 In this Rroup 
about 3 months aftertrard 

shown in figure 2 It la evident from these and additional data w hich arc discussed 
m separate commumcations (lOOt, u) that tho total coproporphynn determma 
tlon has relatively little value m the differential diagnosis of jaundice 
Increase of the unnarj copre^orphynn has been referred to frequently as 
a sensitive index of liver functional impairment (26n, b , 65, 93a) After alcohol 
Ingestion, Franke (25a, b) observed prompt sharp morcases which a^c^agcd 
100 per cent, following one htcr of beer or 90 cc of cognac Significant and 
rather uniform increases were abo recorded by Franke in coses of “catarriiol’ 
jaundice, subacute atrophy of tho li^ cr, cirrhosis of the liver, mochamcal jaundice, 
and passive congestion of tho hvor Fnmko noted generally higher \ nlucs In 
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(51b ) The fluorescence intensity has been measured m vanous ways including 
the Pulfnch stufenphotometer (22, 26b, 97c, 98d), or fluorophotometers such as 
the Pfaltz-Bauer (58a) Klett (lOOx), or specially constructed types (63, 96a) 
Spectrometnc (16f, 78f, 79c), and colonmetnc methods (16n, 92a, b) have also 
been employed Fluorescence methods are considerably more sensitive and 
reqmre smaller starting volumes of unne 

In the study of isomer distnbution m 41 normal mdividuals, as referred to m 
the above, the 24 hour quantity of total corproporphynn was hkewise determined 
m each instance The range was from 14-99 y The statistical significance of 
these findmgs is discussed m more detail elsewhere (100s) On the basis of this 
study, it is beheved that the upper hmit of normal is 100 y per 24 hours The 
prmcipal sources of error contnbutmg to higher \ alues obtamed ivith colonmetnc 
methods, as reported by others (20, 92b) are thought to be the measurement of 
impunties which are mcluded due to insufficient prehmmary punfication Thus 
it has been noted repeatedly that unless the porphyrm is talfpii back and forth 
twice between ether and HCl, unduly high values result, especially when the 
method depends upon absorption Inadequate purification leads to unduly 
high values with colonmetnc techmques and low values with those based on 
fluonmetry, m the former because of mcreased absorption of hght, and in the 
latter because of maskmg of fluorescence, by impurities Thus the method of 
Tropp and Siegler (93a) employe a contmuous extraction apparatus which entails 
prolonged heatmg m boilmg ether, together with any other impunties ex^tracted 
from the unne Experience* with contmuous ether axtraction has revealed 
consistent loss, as contrasted directly with repeated extraction m a separatory 
funnel Nevertheless, Tropp and Siegler’s range of normal values is shghtly 
higher than ours, as noted in table 1 The reason for this is not apparent 

Poulikakos and Tropp (69) found httle or no relation of the per diem amount 
of porphyrm to the volume of unne, m normal mdividuals With mcreased 
excretion of porphyrm, however, relative mcreases were observed -with larger 
volumes of unne 

Lnver disease and jaundice Garrod (27a, b, c) emphasized the occurrence of 
mcreased amounts of porphyrm, beheved by him to be hematoporphyrrm, m the 
urme m cases of hver disease This has been confirmed by many subsequent 
investigators (9d, 16a, 24o, 34b, 65, 96c, 100b, t, u) Fischer and Zerweck 
(24o) showed that it was coproporphyrm which was mcreased, but did not de- 
termme the preponderant isomer type van den Bergh (96c) found that copro- 
porphynn appeared m the serum and was mcreased m amount m the unne, both 
m cases of hver disease and of mechanical or obstructive jaundice He postu- 
lated that this -w'as due simply to a faulty excretion by the hver of the copro- 
porphynn normally present m the bile (96c) As ivill be discussed m more detail 
later, van den Bergh (96c) believ ed that this copropoiphyrm is denved from the 
protoporphyrm of the erythrocytes, the conversion from one to the other bemg 
regarded as a normal function of the hver Although later studies (77, 98a, 

• Unpublished 
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lOOn) have not supported this belief, tho finding has been generally confirmed 
that coproporphynn rcgularlv mcrcaaed in the unne of cases of regurgitation 
jaundice whether due to diffuse or damage or to bUiary obstruction (Od, IGn, i, 
66, 100b, t, u) Thus a recent study (lOOo, t, u) has re\caled a significant 
elevation, usually from tivo to four times the upper limit of normal, in a eenes of 
cases of mechanical jaundice, and of jaundice due to hepatitis and cirrhosis, 
van den Bergh (90c) observed somonhat higher values m mechanical than m 
parenchymal jaundice, but did not attempt to employ tho unnoiy copropoiphy 
rm value m a differential diagnostic \va> The data recently reported (lOOo) are 



Com numbar 

Fit. 2 Total eoproporphyrln in cues of hepatllia and oirrbctfls Cam 10 in group b waa 
fltudJad about 18 months aft«r tho acuto attack of Infecticnii Jaundice case 47 In this group 
about 8 months afterward 

shown in figure 2 It is evident from these and additional data which are discussed 
m separate commumcations (lOOt, u) that the total coproporphynn dotermma 
tion has relatively little v aluc in tho differential diagnosis of jaundice 
Increase of the urmorj coproporphynn has been roferrod to frequently as 
a sensitive mdex of liver functional impairment (26a, b, 06, 93a) After alrohol 
Ingestion, Franke (26a, b) obsen ed prompt sharp increases which a\ craged 
lOO per cent, foUowmg one htor of beer or 90 cc of cognac Significant and 
rather uniform mcrenses were also recorded bj Franke in cases of "catarrlml” 
jaundice, subacute atrophv of tho hver, cirrhosis of tho hv cr, mechanical jaundice 
and passive congestion of the Uv er Franke noted generally higher v alucs in 
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parenchymal thap m mechamcal jaundice He did not regard the high values 
observed m 45 cases of lead poisonmg as related to hver mjury, as he found no 
evidence of the latter from the standpomt of other mvestigations This matter 
will be considered m more detail later 

The first determination of isomer t 3 ^e m an instance of hver disease was 
earned out on urme from a case of cirrhosis of the hver which followed the use 
of cmchophen (lOOe) From the standpomt of the effect of chemical toxicity oq 
porphyrm metabolism (vide infra), it may be noted, however, that a considerable 
mterval of time had elapsed m this case, between the mgestion of the cmchophen 
and the tune of isolation of the porphyrm The latter proved to be the type I 
isomer Subsequently, Dobrmer (16a) isolated coproporphyrm I from the unnes 

of a number of cases of vanous diseases, mcludmg atrophic cirrhosis, catarrhal 
jaundice, obstructive jaundice, hemol 3 rtic jaundice, Hodgkm’s disease, and 
febrile states such as lung abscess and lobar pneumoma Copropoiphynn I 
was likewise isolated from the urme m cases of fever due to limg abscess, and 
m hemolytic jaundice, by Watson (100b) who also found it m the bde (lOOf), 
and beheved that the mcrease m these conditions was related to impaued 
hepatic excretory function In Dobnner’s study, an excess of coproporphyrm I 
was found m all of nme cases of catarrhal jaundice These were presumably , 
mstances of infectious hepatitis More recently, uniform mcreases of the type I 
isomer have been noted m the urme durmg the ictenc stage m 57 cases of this 
disease (lOOo, t) In several of the cases of this senes, the 24 hour amount 
exceeded 400 gamma Of greater mterest, however, was the findmg of an m- 
creased unnary coproporphyrm for varymg penods, often many months, after 
the disappearance of jaundice (see fig 2) This persistence, together with 
collateral evidence has been mterpreted as an mdication of the presence of 
residual or chrome hepatitis Sumlar slow decreases durmg convalescence 
of “catarrhal jaundice” had been observed previously (9d, 16a, 93a) In 
cases of cirrhosis followmg infectious hepatitis the excessive coproporphyrm 
has hkewise been found to consist of the type I isomer (lOOo, t) This findmg is 
m st rikin g contrast to that m the majonty of cases of cirrhosis m chrome alco- 
hohes, m which the mcrease is due to the type HI isomer (lOOu) Dobrmer 
had previously reported an excess of type I m 6 cases of “atrophic cirrhosis,” 
and of type III m one such case, but without statmg which, if any of these 
mstances, were chrome alcohohes 

The effect of alcohol on porphyrm metabolism has not yet received suflBcient 
study This problem will be dealt with now because of its close relation to that 
of hepatic cirrhosis, rather than m the later section dealmg with chemical toxicity 
Franke’s findmg of a sharp mcrease of copropoiph 3 Tmuna m acute experiments, 
has already been cited This was confirmed by Brugsch and Keys (9f) who also 
noted mcreases m chrome alcoholism and isolated the type I isomer m two cases 
and the type IH m one Watson (lOOi) isolated copropoiphynn III from the 
urme m aJcohoUc pellagra (vide mfra) In a study which is still m progress and 
which will be reported m detail elsewhere (90), it has been found that the great 
majonty of chrome alcohohes excrete excesses of type III isomer while dnnkmg 
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but usually exhibit a normal porphyrm excretion withm a short time, often 
indeed a few days after complete abstinence from alcohol TTiua it is of con 
siderable mterest that an moreased coproporphyrm III excretion persists m 
many instances of cirrhosis, m chrome alcoholics, long after tho ingestion of 
alcohol has stopped It appears. In other words, that some peculiar factor is 
operative m these cases which may relate not only to tho persistence of tho type 
ni coproporphyrmuna, but also to the development of cirrhosis IDustratii e 
data are presented m separate communications (90, lOOu) 

Dobrmer (16a) found coproporphyrm III m a case of hemochromatosis 
In unexplained contrast to this finding, an excess of coproporphyrm I has 
recently been observed m the urme of two cases of hemochroqiatosis (lOOu) 
This discrepancy will be referred to again in the foUowmg 
Blood dtttata Fischer and Zeraeck (24m) identified coproporphjTm in the 
urine of pemicuiua anemia patients, Garrod (27b) had previously referred to 
this as hematoporphyrm Gtlnthor (34b), however, failed to observe moreased 
“hematoporphyrm” m the urmo m cases of pernicious anemia Tho copro- 
porphyrm m both urmo and feces m this disease has been shown to bo tho type I 
isomer (lOh, 98c, lOOf) Inconstant mcreases m the urine of moderate degree 
have been discussed by Dobrmer and Rhoads (16g) The same is tnie in hemo- 
hjltc anomia, which like pormaoua anemia m relapse, is ohnractentcd by consid 
orablo increases of coproporphyrm 1 in the feces There is some evidence that 
the latter is related to the rate of erythropoiesiB (lOd h m 80f, lOOf) (vide 
infra) The inconstant and variable increases in tho unne m both of these 
diseases may well bo analogous to the variable urobihnogenuna which is belioi ed 
to relate to hepatocellular functional impairment (100a f) 

Varmotti (97o) was tho first to report an increase in urinary porphyrm m 
a case of aplatlic anemia Dobrmer, Rhoads and Hummel (lOj), studied six 
cases of refractory or aplastic anemia in four of which an mcreaso was found 
to be composed of a mixture of copre^orphyrm I and HI In two additional 
cases, the presence of the typo HI Isomer was suggested, but could not be proi en 
Dobrmer and hlS co-workers considered the possibility that tho increase of 
coproporphyrm HI m these cases mdicated a tone or extrinsio chemical factor 
m their etiology The relation of chemicals and heavy metals to typo HI 
coproporphyrmuna will be discussed in more detail m a later scebon Recent 
studies of urinary coproporphyrm excrebon m 1 2 cases of refractory or aplastic 
anemia, earned out by means of tho differential precipitabon technique (80b, e) 
have revealed a range of total coproporphyrm of from 1 19-303 y per 24 hours, 
of which 60-92 per cent was the typo IH isomer These data will bo presented 
in detail m a soparato communication (lOOv) 

Inconstant mild increases of urinary coproporphynn m leukemia have been 
reported m the htoraturo and arc dtscussed by Dobrincr (I Ob, i) Dobriner 
(16b) found mcreases in cases of Hodgkm’s disease rangiug from 200 to 000 
micrograms in febrile cases, shortly before death This was ascertained to bo 
the type I isomer in 0 mstanccs It was therefore of particular mterest that 
m tho course of a more recent study (100\ ), relativel} largo amounts of copro- 
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parenchymal than m mechamcal jaundice He did not regard the high values 
observed m 45 cases of lead poisoning as related to hver mjuiy, as he found no 
endence of the latter from the standpomt of other mvestigations This matter 
■will be considered m more detail later 

The first determmation of isomer tj^ie m an instance of hver disease was 
earned out on urme from a case of cirrhosis of the hver which followed the use 
of cmchophen (lOOe) From the standpomt of the effect of chemical toxicity on 
porph3Tin metabolism (vide infra), it may be noted, however, that a considerable 
mterval of time had elapsed m this case, betw^een the mgestion of the cmchophen 
and the tune of isolation of the poiphyrm The latter proved to be the type I 
isomer Subsequently, Dobrmer (16a) isolated coproporphynn I from the urmes 
of a number of cases of vanous diseases, mcludmg atrophic cirrhosis, catarrhal 
jaundice, obstructive jaundice, hemolytic jaundice, Hodgkm’s disease, and 
febrile states such as lung abscess and lobar pneumoma Coproporphynn I 
was likewise isolated from the urme m cases of fever due to lung abscess, and 
m hemolytic jaundice, by Watson (100b) who also found it m the bile (lOOf), 
and beheved that the mcrease m these conditions was related to impaired 
hepatic excretory function In Dobrmer’s study, an excess of coproporphynn I 
was found m all of nme cases of catarrhal jaundice These were, presumably 
instances of infectious hepatitis More recently, uniform mcreases of the type I 
isomer have been noted m the urme durmg the ictenc stage m 67 cases of this 
disease (lOOo, t) In several of the cases of this senes, the 24 hour amount 
exceeded 400 gamma Of greater mterest, however, was the findmg of an m- 
creased urinary coproporphyrrm for varymg penods, often many months, after 
the disappearance of jaundice (see fig 2) This persistence, together “With 
collateral evidence has been mterpreted as an mdication of the presence of 
residual or chrome hepatitis Similar slow decreases during convalescence 
of “catarrhal jaundice” had been observed pre-viously (9d, 16a, 93a) In 
cases of cirrhosis followmg infectious hepatitis the excessive coproporphynn 
has hkewise been found to consist of the type I isomer (lOOo, t) This findmg is 
m stnkmg contrast to that m the majority of cases of cirrhosis m chrome alco- 
hohes, m which the increase is due to the type III isomer (lOOu) Dobrmer 
had pre-viously reported an excess of type I m 6 cases of “atrophic cirrhosis, 
and of tyqie III m one such case, but without statmg which, if any of these 
instances, were chrome alcohohes 

The effect of alcohol on poiphyrm metabolism has not yet received suflacient 
study This problem -will be dealt -with now because of its close relation to that 
of hepatic cirrhosis, rather than m the later section dealmg with chemical toxicity 
Franke’s findmg of a sharp mcrease of coproporphyrmuna m acute experiments, 
has already been cited This was confirmed by Brugsch and Keys (9f) who also 
noted mcreases m chrome alcohohsm and isolated the type I isomer m two cases 
and the type IH m one Watson (lOOi) isolated coproporphynn IH from the 
urme m alcohohe pellagra (-vide infra) In a study which is still m progress and 
which -will be reported m detail elsewhere (90), it has been found that the great 
majonty of chrome alcohohes excrete excesses of type HI isomer while dim g 
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IS believed of even greater significance that there was repeated failure of ab- 
sorption of coproporphynn III given bj mouth, after administration of 3-5 mgm , 
together with lack of mcrease of the coproporphynnuna in such ojpemnents. 
Thus it would appear that whila the bactennl flora of the colon may produce 
small amounts of coproporphynn III even m the absence of hemoglobin, the 
presence of this porphynn m the bowel bears httle or no relation to the amount 
in the unne The results of this study, m fact, strongly mdicate that the copro- 
porphynn in of human unne is a truly endogenous metabohto tVhether this 
apphea as well to the type I isomer is not oertam This problem will bo con 
ridered later (vide infra), but it may be noted at this point, that m one oxpen 
ment m which 3 mg of coproporphynn I was administered orally, no mcrease 
was observed in the unne and npproxunately the amount given was recovered 
in the feces 

There is no evidence that chlorophyll in the diet contnbutes to the copro- 
porphynn of the unne. Brugseh (fld, g) has discussed this problem m detail 

Fever and tnfedums disease The finding of coproporphjTm I m febrile states 
associated with pneumonia (Ifla) and lung abscess (10a, lOOe) has already 
been referred to, and the possibDity was considered that these increases wore 
related to hepatic functional impairment 

More recently Cartwri^t and co-workere (11b) have observed mcreased 
coproporphynnuiia regularly m association with the anemia of pyogenic m 
footion The isomer typo was not stated 

The uniform increase of coproporphynn I m the unne of cases of infectious 
hepatitis during the icteric stage of the disease, and m many instances persisting 
after disappearance of jaundice, has also been mentioned It nas therefore 
an unexpected findmg of much mterest that the unne of cases of acute pofio- 
myelUte regularly contained significant mcreases of typo III isomer (lOOr) 
In general, larger amounts of total coproporphynn, rangmg up to 1000 gamma 
per day with 60-90 per cent of coprojmtphj’nn III, were encountered m the 
more seriously ill patients, especially the bulbar type, but a stnet correlation 
with seventy or type has not been dotormmed Of 64 cases of the disease, 
66 exhibited amounts of total coproporphynn m excess of 100 gamma. In 
some instances m which the total coproporphynn value was normal, the per 
centago of the typo III isomer was abnormallj high Figure 3 shows the total 
coproporphynn values and isomer distnbution m 61 cases, as compared with 
the normal range. In a number of these instances cryetalllna coproporphynn III 
methyl ester was isolated, thus confinrang the results obtained bj means of the 
differential precipitation teclmique (80b, e) The cause of this mcrease is un 
known. Kiflver (51a, b) established the presence of small amounts of copro- 
porphyrm m the white matter of the central nervous eystem of warm blooded 
animals, and identified it tentatively as the type III isomer (61c) Bosed 
on studies of bacterial metabolism, Gramok and Gilder (31) suggest that copro- 
porphyrm may function as a regulator for the rate of oxygen consumption by 
living cells It remains to bo determmed whether the coproporphynn of the 
central nervous system has such a rflle Studies by Chu and Watson (12) 
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poiphyrm III were encountered m three cases of Hodgkm’s disease, while in 
two others, the excess ivas the type I isomer This difference has not been 
explamed, it aviU be referred to again m the discussion of ongm and sigmficance 
of the urmarj" coprop orphyrms 

Hemorrhage and the effect of blood tn the gastrointestinal tract Duesberg (17a), 
studymg hemoiThage m rabbits, did not observe any mcrease m urmary por- 
phyrins Dobnnei and Rhoads (16h) found an mcrease m total coproporphynn 
excretion m dogs, after bleedmg from the jugular vem, the percentage of this 
mcrease, if any, excreted m the urme, was not stated Dobrmer’s mterpretation 
of this findmg will be discussed later 

Increases of urmary porphyrm have repeatedly been ascnbed to the presence 
of blood m the mtestmal tract (6, 9a, b, 24h, 79c, 86a, 97c) The mconstant 
character of these mcreases mduced Kaumtz (46) to administer hemoglobin, in 
20 gram quantities, to normal mdmduals and to patients with vanous disorders, 
mcludmg hver disease It was found that negligible, if any, mcrease occurred 
m the former, but that significant elevations were common m the latter group, 
especially m the cases vuth hver disease Kaumtz mterpreted this to mdicate 
a formation of the type III isomer m the mtestmal tract followed by partial 
absorption mto the portal circulation mth disposition by the normal hver, 
so that httle or none was allou ed to enter the general circulation and appear m 
the urme, while m the case of the damaged hver vanable fractions gamed access 
to the urme The study of Jakob (42) offered indirect support for this behef 
Accordmg to this study certam bactena are capable of elaboratmg copropor- 
phyrm III from hemoglobm, m \utro Kfimmerer (43a) had previously demon- 
strated the bactenal formation of protoporphyrm from hemoglobm, m vitro, 
but he beheved that this transition required a symbiotic growth of anaerobes 
with E coh, Avhile others have showm that symbiosis is unnecessary, and that 
m the presence of hemoglobm, pure cultures of E coh are capable of the elabo- 
ration of protoporphyrm (38a) and of coproporphynn III (42) 

The question of the relation of blood m the gastromtestmal tract, and of 
the bactenal flora of the mtestme, to the urinary copropoiphyrm, under normal 
and pathological conditions, has been studied m some detail m this laboratory 
(53a, b) Jakob’s findings have been confirmed mcludmg the obsenmtion that 
certain strains of bactena can synthesize coproporphynn III m the absence of 
any demonstrable heme pigments or porphyrms, but m the presence of protem 
It was not elaborated m synthetic media of the Gladstone type In this con- 
nection it may be noted that Coulter and Stone (13) obsenmd formation of 
coproporph 3 Tin by diphthena bacilh m bouillon cultures The rate of forma- 
tion appeared to be proportional to the toxm production The isomer t3T3e 

was not determmed ^ 

Nevertheless, the recent study just referred to failed to support Kaumtz 
view that hemoglobm m the mtestmal tract causes mcreased coprop orphyrmuna, 
even m the presence of hver functional impairment No significant mcreases 
were observed m several instances of outspoken hver disease, followmg feedmg 
of hemoglobm m amounts as large or larger than those which Kaumtz gave It 
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MacMunn on urohenmtm (66), and of Garrod (27a) and Stok\Ta (80b) on 
homatoporphynn, many years earlier Kapp and Cobum rvere able to isolate 
coproporphynn III from the pooled samples of a number of cases Ifapp (44b) 
noted that the coproporphynn was excreted m considerable part as the ime 
complex. In several instances “sudden fatahties acre preceded by intense 
porphynnuna.” In addition Kapp and Cobum state “the excretion of ab- 
normally large amounts of porphynn In acute rheumatism boro no relation to 
fever, haematunn, or the use of therapeutic measures per se " No mention 
was made m these papers of the use of salicylates or atmdopynne, althou^ 
Dobrmcr and Rhoads (16i) state that Kapp and Coburn’s patients were receiving 
these drugs at the time of the porphynn isolation. Brownlee (8a) showed that 
aimdopynne, amongst other drugs of the coal tar group, produced copropor 
phynnunn type m m rats So far os can be detormmed, the effect of snhej latcs 
on porphynn excretion has not been mvestigatcd Watson and Hankinson* 
have fotmd moderate and variable increases of unnaiy coproporphynn m acute 
rheumatic fever These moreases, however, were composed m all instances 
of the type I, rather than the type III isomer The poesibihty was considered 
that the basis of the mcrense was a febrile or tone effect on the livor The 
admmistration of sahcylates was without defimte effect on the porphynn cx 
eretion, no moreases of typo III isomer being observed ; 

Porphyrta and tdtopalhtc arproporphyrmuna As noted at the outset, the 
entity of coproporphynn was first established by H Fischer who isolated it, 
together with uroporphyrin, from the luiae of Petrj, the celebrated case of 
porphyna (24a) This coproporphynn was subsequently classified as the type I 
isomer (24e) Coproporphyrin III was hkewiso first obtained from the urme 
of a case of porphyria of the congenital, or light sensitising vanety (24e, f, 
96s) Experience has revealed, however, that this latter finding is somewhat 
exceptional and that it is more common to find the type III isomer m the unne 
of the so-called acute tj^pe, i e , that which is charactenicd by abdominal or 
nervous manifestations, while the typo I isomer is most often encountered in 
the light sensitive vanety, such as represented by the case Potry 'The idea 
has even been advanced (62, 78a) that a stnet chemical separation of the two 
types might be made on a chemical basis, but it is ev ident that there are too 
many exceptions instances m wluch coproporphynn I was isolated from the 
abdominal or nervous typo (Ua, 24j, 101), and coproporphyrm III from the 
light sensitive type, both m human cases (24f , 90d), and in cattle (73a, o), or, 
as m certam cases, both isomers in approximately equal amount (lOb, 90a) 
Thus the case of van den Bergh and Grotepass (90a) was on instance in which 
photosensitivitj w as prominent, and which is also of much mtercst because of 
coproporphyrmcmia and the presoneo of large amounts of the two coproporphynn 
isomers In the feces, without a defimte increase in the Urine In this case, 
Grotepass and Defalque (33c) were able to achieve isolation onlj by coHection 
and concentration on infusonal earth, over a long penod of time. Taylor and 


* Unpubllibed 
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have also tentatively identified the porphyrin as coproporphynn m and have 
established the concentration at about 0 02-0 03 gamma per gram of human 
bram It was found impossible to mcrease the concentration m rabbit brains 
by poisomng the animals with lead, m spite of the fact that a 10 or 20 fold in- 
crease of urinary coproporphynn III was effected (12) Nor was it possible 
to achieve any mcrease m concentration m dogs’ brains by mjectmg relatively 
large amounts of coproporphynn III mto the mtemal carotid artery one-half 
hour before the annuals were killed and the brains exammed (12) These 
observations render much more difiBcult the correlation of the above mentioned 
urinary findings m pohomyehtis with the central nervous system coproporphynn, 
nevertheless, there may be a relationship and this possibihty is receivmg further 
study at the present time 



Fig 3 Total coproporphynn and per cent of type III isomer in 64 coses of poliomyelitis 
The shaded area in the lower left comer represents the normal range From the paper 
“Coproporphynnuna (type III) in acute poliomyelitis,” by C J Watson, Wm Schulie, 
Violet Hawkinson, and A B Baker, Proc Soc Exper Biol and Med , 64 73, 1947 Rs- 
produeed by permission of the publishers 

The fact that two virus diseases such as infectious hepatitis and acute pobo- 
myehtis are sharply differentiated on the basis of the urmary copropoiphynn 
isomer distribution, mdicates that other virus diseases should be mvestigated 
m this regard A study is m progress which will embrace both neurotropio 
virus affections such as encephahtis and GuiUam-Barre’ radicuhtis, and those 
which are not neurotropic, such as atypical pneumoma, psittacosis and others 
At the present time, the literature does not contain any data of this type t 
IS of mterest, however, that m another disease of the bram, namely schizophrema, 
Libowitzky and Scheid (55) report that the febrile episodes winch are often 
observed, were characterized by an increased unnary copropoiphynn type 

Kapp and Cobum (44a) descnbed an mcrease of urmary coproporphynn in 
acute rheumatic fever, thus givmg emphasis and defimtion to the observations o 
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elements, including the porphobilinogen nnd porphobilin, uro- nnd ocpro- 
porphynns It may bo noted, too, that the amount of nno complex was rola 
lively larger during the relapse The significance of the combmation of uro- 
and coproporphiTin with nnc, la unknown GOnther (34a) recognued that the 
urinary porphjrina in cases of porphyria were often partlj combmed with a 
metal Demen and oo-workeia {16a, b) descnbed smc uroporphynnuria and 
even ascribed a protective or detoxlfymg action of the imc So far as can 
be determmed this suggestion has not received further attention Watson 
and his associates (100k, o, q) hav e likewise observed the smo complex of Walden 

TABLE 2 
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strOm's uroporphynn os a regular component of the urme in cases of mtermlttent 
acute porphyna The data shown m figure 4 rev eal that a oonsiderablo fraction 
of the coproporphj-rm was likewTse complcied with rmc. The possible contn 
button of soft glass to this complex was excluded by makmg the collection in 
Pyrex bottles only The occurrence of the smo complex of coproporphjnn 
IS not peculiar to porphyna, Mertens (60a) observed it m the urine m cases of 
lead poisoning, a findmg which we can confirm Thus in one instance the 
24 hour urme contamed 1680 y ns the metal complex and 1107 y as free copro- 
porphynn. The absorption spectrum and HCl numbers have repeatedly been 
not^ to correspond with those of the smc emmplex (24k, lOOq) 
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co-workers (91) have recently isolated both isomers I and HI from a case of 
“chrome" porphyna m which the promment chnical features vere abdominal 
pain and skm lesions due to photosensitivity As mentioned at the outset, 
the term porphyna connotes the formation of uroporphyrm, for which there 
was no evidence in either of these last two cases At present the question 
cannot be answered as to whethen such cases differ fundamentally from poiphyna 
or represent simply an unusual variation of the disease As noted m the fol 
lowing it 18 even more difficult to classify certam instances m which large excesses 
of coproporphynn are excreted without co-existence of any of the usual symptoms 
of porphsma 

The separation of the two mam chmcal types of poiphyna on the basis of 
isomer I or III excretion became still further compheated with the findmg that 
the Waldenstrom porphyrm, which had come to be regarded as uroporphyrm III 
(11a, 60b, 99a, b, c) is actually a complex muxture of uropoiph 3 Tm I and of a 
type rH porphyrm which may have seven rather than eight carboxyl groups 
(32c, lOOq) The Waldenstrom type porphyrm has only been encountered m 
the unnes of cases of the mtermittent, acute porph 5 Tia and may undoubtedly 
be regarded as a distmctive feature of this form of the disease, although not as 
an isomer of uropoiphynn I 

Waldenstrom (99c) stated that m the acute type of porphyna little or no 
coproporphynn was to be found m the unne and that for this reason he had not 
isolated it In two cases m which uropoiphynn was isolated from the unne, 
Waldenstrom obtamed coproporphynn I from the feces H Fischer and 
Libowutzky (24j) had preMously foimd both uro- and copropoiphynn I m the 
urme of a case of acute porphyna In the cases studied by Mertens (60b) 
and Bmgel (4a), the daily amount of uropoiphynn in the unne ranged from 
60-100 mgm , w'hile the coproporphynn approximated 1 mgm Recently 
Brunstmg and Mason (10b) desenbed a case of porphyna of mixed type 
charactenzed by epidermolysis bullosa, pigmentation of the skm and neuropathy 
Dunng one 24 hour penod this patient excreted 114 mgm of uropoiphynn and 
2 0 mgm of coproporphynn Uroporphyrm I was identified, but the isomer 
t 5 pe of the coproporphynn was not determmed IVhile the concentration 
of coproporphynn m the unne of cases of intermittent acute porphyna is 
thus comparatively shght, it usually suffices to permit isolation from relatively 
small volumes Representative data from a number of cases are given m table 2 
Actually a number of other cases studied exhibited equal or greater concen- 
trations of coproporphynn but m these instances it was not quantitated, the 
mam attention being given to isolation of the WaldenstrSm poiphytm (32c, 
lOOq) 

In certam cases, as for example no 9 m table 2, the amount of coproporphynn 
considerably exceeded that of uroporphyrm The reason for this is not clear 
The data m this case, over a considerable penod of tune, are shown m figure 4 
As may be noted, this patient suffered a spontaneous relapse while m the hospital, 
for which no precipitatmg factor was ascertamed Dunng this relapse it is 
seen that the urme was charactenzed by an increase of all of the abnormal 
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that Bomo of the coproporphyrin is oxoroted ns a chromogen, but if so it does not 
have the behavior of porpbobihnogen as found m the urme of poiphyna cases, 
such as shown m figure 4 

The presence of large excesses of coproporphyrin, or of uroporphyrin, in the 
unne, is not correlated with the appearance of the corresponding porphyrins In 
the blood In some instances uro- and/or coproporphyrm may be noted. 
Schumm (70a) observed uroporphyrin m a case of congemtal porphyria m an 
approximate concentration of 1 mgm per 100 cc The urme m this case con 
tained both uro- and coproporphyrm I H Fischer |and Zerweek (24m) later 
reported the presence of coproporphyrm in the same case, m a separate report 
in the same jaar, however, they described uroporphyrmemia in this case (24o) 
In other cases of porphyria, both congemtal (bght sensitive) and intermittent 
acute m type, coproporphyrm has been noted m the serum (40, 78d, 00a, fiOd) 
We have noted it repeatedly m 3 oases of the latter type, and have not been 
able to detect it m 6 others 

In one case the amount of coproporphyrm m the serum was deteimmed to bo 
20 7 per 100 cc , nhilo at the samo time, the 24 hour urine sample contained 
300 7 of coproporphyrm, most of which was type III This sample also con- 
tained 1800 7 of uroporphyrm of the Waldenstrfim type melting at 258°C 
and separating on the CaCOj coluiim mto uroporphyrm I methyl eater (284'C ), 
and the 208° porphynu (32o ) 

The protoporphyrm of the erythrocytes has not been mcreased m several 
of our cases of mtermittent acute porphyria, even durmg relapses of the disease 
■when large amounts of uro- and coproporphyrm were found m the urme Roth 
(76a) on the other hand studied a case m which the eiythrocytes contained 
74 7 of protoporphyrm per 100 ce , the urme 70 7 of coproporphyrm m a 24 hour 
sample. This was classified as an instance of "chrome” porphyria (Gtlnthor), 
smee abdominal pam was assodated with h^t sensitinty The presence of 
diarrhea and hypochrormc anemia suggest, however, that tho moderate mcreaso 
of the erythrocyte protoporphyrm was due, not to porphyria, but to iron de- 
ficiency (lOOp), tho -value for the urinaiy coproporphyum was ivithm normal 
limits 

The problem of excessive coproporphyimuria without known cause is of much 
mterest. For the time being at least, it is belioi od preferable to classity such 
cases, m which no uroporphyrm is found, os idtopalhic coproparphi/nnima, 
rather than ns porphyria, reservmg the latter term to indicate a constitutional 
fault This IS m agreement with the separation emphasized by WaldenatrCm 
(99o) At tho same tune it is recogmred that certain cases excretmg increased 
coproporphyrm without uroporphyrm, may also represent “mbom errors of 
meta^lW” (27d) A particularly mlerestmg example of marked copro- 
porphyrmuna without known cause has been studied recently (lOOw) This 
individual had no symptoms whatever, the excessiie urinnry coproporphyrm 
bemg noted in the course of a routine study of a large number of workers engaged 
m a special project. The urinary coprojiorphynn was consistently in tho range 
of 1-0 mgm per day, practically all of which was the tyrpo HI isomer The 



4yz 


t;ECIL JAMES WATSON AND EVREL A DAHSON 


Dobnner and co-workers (161) isolated a natural ester of copropoiphynn I 
-from a case of congenital porphyna This melted at 251 °C The HCl number 
■v\ as 0 3-0 5 per cent, from which concentration the compound was readily ex- 
tracted by CHCh While the estenfying group could not be identified, it was 
-thought to be hpid m character So far as can be determined this has not been 
encountered in other cases 

As noted m figure 4, poiphobilmogen was present m the unne m association 
with uro- and copropoiphynn The term porphobihnogen refers to a chromogen 
which exhibits an Ehrhch aldehyde reaction, and which is beheved to be a pre- 
cursor of uroporphjTin and porphobihn (99c, g) The latter is a brown pigment 
not possessmg porphynn charactenstics and formerly referred to as “urofuscm” 



Fig 4 Acute porphyna, excretion of porphobilinogen and of uro- and coproporphynn, 
both free and zinc complex, dunng remission and relapse M 9 C 26 (case 9 in table 2) 

(99c) It has long been known that the urmes of cases of “acute” porphyna 
often exhibit an Ehrhch reaction, although whether due to urobihnogen or 
poiphobilmogen was not detemuned m the past, smce a method for differentiatmg 
these chromogens has only lately been descnbed (99c, lOOy) Insofar as the 
present subject is concerned, the question arises as to whether coproporphynn 
IS likewise excreted at least m part as a poiphobilmogen It is quite clear that 
even marked mcreases of urinary copropoiph 3 TTn are not associated with a por- 
phobihnogen-Ehrhch reaction (l(K)y), except m cases of porphyna m which 
uroporph 3 rrm is also present We have observed but two instances m which 
questionable reactions were encountered, and we have not found any proven 
examples m the literature This does not, of course, exclude the possibihty 
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that some of the coproporphynn Is excreted ns a chromogen, but if so it does not 
have the behamor of porphobilinogen as found in tbe unne of porphyna cases, 
such as shown m figure 4. 

The presence of large excesses of coproporphynn, or of uroporphyrin, m the 
unne, is not correlated with the appearance of the corresponding porphyrins m 
the blood In some instances uro- and/or coproporphynn may be noted 
Schumm (79a) observed uroporphynn In a case of congenital porphyna m an 
approximate concentration of 1 mgm per 100 co The unne in this case con 
tamed both nro- and coproporphynn I H Fischer |and Zerweek (24m) later 
reported the presence of coproporphynn m the same case, m a separate report 
m the same year, however, they desoribed uroporphynnemia m this case (24o) 
In other cases of porphyna, both oongemtnl (light sensitive) and mtermittent 
acute in type, coproporphynn has been noted in the serum (40, 78d, 96a, 96d) 
We have noted it repeatedly in 3 cases of the latter type, and have not been 
able to detect it m 6 others. 

In one case the amount of coproporphynn m the serum was determmed to be 
20 7 per 100 cc , while at the same time, the 24 hour unne sample contained 
300 7 of oopropoiphyriu, most of which was type III This sample also con- 
tamed 1800 7 of uroporphyrin of the Waldenstrom type melting at 268°C 
and separaUng on the CaCOj column mto uroporphynn I methyl ester (284°C ), 
and the 208® porphyna (32o ) 

The protoporphynn of the erythrocytes has not been mcreased m several 
of our cases of intermittent acute porphyim, even durmg relapses of the disease 
when large amounts of uro- and coproporphynn were found m the unne Roth 
(76a) on tho other hand studied a case m which the erythrocytes contained 
74 7 of protoporphynn per 100 co , the unne 79 7 of coproporph)-nn m a 24 hour 
sample. This was classified as an instance of "chrome” porphyna (GQnthcr), 
smee abdominal pam was assodated with hght sensitii’ity The presence of 
diarrhea and hypoohrotmo anemia suggest, however, that tho moderate mereaso 
of tho erythrocyte protoporphynn was due, not to porphyria, but to iron do- 
fioienoy (lOOp), tho value for the unnaiy coproporphynn was withm normal 
lunits 

Tho problem of excessive coproporphyrmurm without known cause is of much 
interest For the tune being at least, it is beheved preferable to classify such 
cases, m which no uroporphyrin is found, ns idtopaUitc coproporphynnurta, 
rather than as porphyria, reservmg the latter term to mdicato a constitutional 
fault This is m agreement with tho separation emphasiicd by Waldcnstihm 
(99o) At tho same tune it is recognixed that certain cases excreting increased 
coproporphynn, without uroporphynn, may also represent “inborn errors of 
metallism” (27d) A particularly mtcrestmg example of marked copro- 
poiphynnuna without known cause has been studied recently (lOOw) This 
mdividual had no symptoms whatever the excessive unnaty coproporphynn 
being noted m tbe course of a routine atndj of a largo number of workers engaged 
in a special project. The unnary coproporphynn was consistently m the range 
of 1-6 mgm per day, practically all of which was the typo HI isomer The 
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feces contained larger amounts of the same porphjTm, rangmg up to 70 ingm 
per 100 grams None -was detected m the blood at any tune It i\as readilj 
established that the bile Mas nch m coproporphjmn III, but whether duo to 
an enterohepatic circulation of porphjnin, could not be established It appeared 
unlikclj’’ that an abnormal bacterial flora m the colon constituted an ebologic 
factor, since tho bowel movements were normal and there w'ere no symptotos 
referable to the intestinal tract It w as of interest that this man w as a chemist 
who had worked in tho past with heaiY metals, especially lead and luercuu' 
T^^lllo there were no evidences of metal poisonmg, the possibility was considci^ 
that a marked over production of coproporph} rm III may ha\ e been related 
to the effects of hcaiw metals or other chemicals (vide mfra) in an indindunl 
of peculiar constitution 

Several cases have been studied (100\) in w’hich mtermittcnt abdominal 
pain was associated wath moderate increases of unnarj' coproporphjTm, rangmg 
from 120-000 7 per day, wath an mereased percentage of the tjTio III isomer 
Nothing was found m these cases to explain tho increases Tho fecal flora 
studied m certain of tho cases did not appiear abnormal Nor w ere the sjanptoms 
or porph 5 Tm excretion affected b^ a period on the KSnmierer diet (43b) This 
meat free ihet is low in home and porplija-in and was used by K&mmerer and 
Mover in a sunilar case which they studied Although they belicied that the 
addition of liver or meat to this diet caused a significant increase of copropor- 
phj'rinuna, the data giioii are not commciug 

Barber and Howatt (1) reported several instances of photosensitiiity in chil- 
dren, in which an increased fecal porphjTm was obsenod It was not at all 
clear, how over, that tlic porpln rm w ns in any w ay related to tho photoscnsitnaty 
Tho tjTie of porph^ nn was not determined either m feces or unne and tho state- 
ment that porphvnn w as incrensod in the foces w ns based solelj’’ upon spectro- 
scopic studies Urbach (95a, b) also associated spasticit}’' of the colon and 
domin tills, especially solar eczema, with increased porphiTin formation m the 
bow el w Inch w ns ascribed to an abnormal bacterial flora Quantitatii e metliods 
were not employed in this studv Alteration of the flora toward the normal, 
ascribed to elimination of animal protein from the diet, was said to result in 
marked mlpro^ cment Haranghv (36) reported nn interesting case chnractenzed 
bj’’ abdominal coho and circulatoiw’ disturbances The unuan’^ porplijain was 
not increased but there was a marked increase m fecal porphj’rm (tj^pe not 
mentioned) This was behoied dependent on an abnormal flora which was 
almost wholly gram-negatuo It maj' bo noted, however, that there were 
bleeding intestinal ulcers in the ease, whicli maj' well have been sigmficant 
from the standpoint of porph-\rin formation 

The studj' of Reithngor and Idee (72) is of interest wath respect to the possible 
relation of coproporplnmn to abdominal colic, although it docs not md m de- 
termining tho origin of tho porphjTin Tins studv showed that very dilute 
solutions of coproporphyrin I mstilled mto exposed loops of rabbit mtostme 
caused prolonged spastic contraction which was refractorj' to ntropme 

The effect of chenmaU and metals In this group the effect of lead poisonmg 
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rras the fiist to receive study, moreases m unimiy poiphyrm being observed 
by Garrod (27a, c) and Stokvis (86a) m human cases, and by Stokvis m expen 
mental lead poisonmg m rabbits (86a) The latter mvestigator believed that 
the porphynn was denved from hemoglobm m the mtestmal tract, ivhich m 
turn was libeiated by virtue of mucosal hemorrhages In later studies (vide 
infra) it has been shown repeatedly that coproporphyrm m n the porphynn 
which appears m the unno in excess, and, as noted previously, the evidence 
for a denvation of copropotphyrmnna IH from blood m the mtestmal tract is 
very dubious, furthermore, mtestlnal bleedmg is not a feature of human lead 
poisoiung Stokvis’ view has not been supported by any subsequent studies 
althou^ it was subscribed to by Brupeh (9d) In several Instances the feces 
have contamed coproporphyrm I at a time when the urme yielded marked 
excesses of the type HI isomer (98c, lOOe) 

Schumm (79b) was the 6ist to identify coproporphyrm m the unne of cases 
of lead poisonmg, and Grotepass (33b) fiiat showed that it is the type HI isomer, 
a findmg which Fischer and Dueaberg (24f) reported m the same jrear with 
respect to experimental lead potsonmg m rabbits Subsequent studies (16h, 
60a, 98e, lOOe) have extended and confirmed these observations with the result 
that coproporphj'rmuna HI has come to be recogniied as a regular feature of 
lead mtoncation. Gunther’s behef (34a) that this was of diagnostic value has 
been amply confirmed by later work (25c, 4Bb, 67, 78e) which has emphasiied 
its value m mdustry Franke and Litmer (25o) found a range of 12 to 181 7 
per 100 cc of urme m 43 workers, as compared with a normal of 3-7, 17 of 
the 43 had concentrations greater than 50 7 per 100 cc , and most of these 
exhibited other evidence of lead poisonmg, includmg basophiho stippling The 
expenence of various mvestigatora is shown m table 3 
The amounts noted m table 3 are insufficient, as a rule, to cause a red urine- 
This IS, m fact but rarelj noted m lead poisoning A case in which the urme 
waa “port wme” color was observed by Crawford (14) 

Knowledge of the effect of other metals on the urmary coproporphyrm a much 
more fragmentary Considerable mcreases following mercury have been 
recorded by Vannotb (97b) and by Vigliam and LibowiUky (08c), but in both 
of these cases there were confusmg compheabons, vix , a hematuria and hemo- 
globinuria in the former and a cirrhosis of the liver with chrome alcoholism m 
the latter In VaimotU s case, there was hght sensitivity and both uro- and 
coproporphyrm I were isolated the daily output of the latter durmg the period 
of manifest illness mngmg from 4 to 12 mgm Two years later there was still 
light sensibvity and the coproporphyrm excretion ranged between 200-1300 7 
per day The uroporphyrm was found for a short tune only durmg the acute 
poisomng and brmgs up the quesbon as to whether this waa a case of latent 
porphyria in which mercury was a precipitating factor 
Insofar as the case of Vigil ani and libovntiky is concerned, it has already 
been noted that coproporphyrm HI is usually present m excess in cases of cir- 
rhosis m chrome alcoholics, and thus it would be difficult to ascribe the excess 
in this case to mercury 
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feces contained larger amounts of the same porphyrm, rangmg up to 70 mgm 
per 100 grams None was detected m the blood at any time It was readily 
established that the bile was nch m coproporphyrm III, but whether due to 
an enterohepatic circulation of porphyrm, could not be estabhshed It appeared 
unlik ely that an abnormal bactenal flora m the colon constituted an etiologic 
factor, smce the bowel movements were normal and there were no symptoms 
referable to the mtestinal tract It was of mterest that this man was a chemist 
who had worked m the past vuth heavy metals, especially lead and mercury 
While there were no evidences of metal poisomng, the possibihty was considered 
that a marked over production of coproporphyrm III may have been related 
to the effects of heavy metals or other chemicals (vide mfra) m an individual 
of pecuhar constitution 

Several cases have been studied (lOOx) m which mtermittent abdominal 
pam was associated with moderate mcreases of urmary coproporphyrm, rangmg 
from 120-600 y per day, with an mcreased percentage of the type III isomer 
Nothmg was found m these cases to explam the mcreases The fecal flora 
studied m certam of the cases did not appear abnormal Nor were the symptoms 
or porphyrm excretion affected by a period on the KSmmerer diet (43b) This 
meat free diet is low m heme and porphyrm and was used by KSmmerer and 
Meyer m a similar case which they studied Although they beheved that the 
addition of hver or meat to this diet caused a sigmficant mcrease of copropor- 
phyrmuna, the data given are not comrmcmg 

Barber and Howitt (1) reported several instances of photosensitnuty m chil- 
dren, m which an increased fecal porphyrm was observed It was not at all 
clear, however, that the porphyrm was in any way related to the photosensitivity 
The type of porphyrm was not determmed either m feces or urme and the state- 
ment that porphyrm v as mcreased m the feces was based solely upon spectro- 
scopic studies Urbach (95a, b) also associated spasticity of the colon and 
dermatitis, especially solar eczema, ivith mcreased poiphyrm formation m the 
bowel which was ascnbed to an abnormal bactenal flora Quantitative methods 
were not employed m this study Alteration of the flora toward the normal, 
ascnbed to ehimnation of animal protein from the diet, ivas said to result in 
marked improvement Haranghy (36) reported an mterestmg case charactenzed 
by abdominal cohc and circulator^'' disturbances The urmary porphyrm was 
not mcreased but there vas a marked mcrease m fecal porphyrm (type not 
, mentioned) This was beheved dependent on an abnormal flora Avhich was 
almost whoUy gram-negative It may be noted, however, that there were 
bleedmg mtestmal ulcers m the case, which may well have been significant 
from the standpomt of porphyrm formation 

The study of Reithnger and Klee (72) is of mterest ■with respect to the possible 
relation of coproporphyrm to abdommal cohc, although it does not aid m de- 
terminmg the ongm of the porphyrm This study showed that Very dilute 
solutions of coproporphyrm I instilled into exposed loops of rabbit mtestme 
caused prolonged spastic contraction which was refractory to atropme 

The effect of chemicals and metals In this group the effect of lead poisonmg 
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DTis the first to receive study, increases in urinary porphyrin being observed 
by Qarrod (27a, o) and Stokvia (88a) in human cases, and by Btokvis m expen 
mental lead poisoning m rabbits (88a) The latter investigator believed that 
the porphyrm was denved from hemoglobin in the intestinal tract, which m 
turn was hbemted by virtue of mucosal hemorrhages In later studies (vide 
infra) it has been shown repeatedly that coproporphynn m is the porphyrin 
which appears m the urine in excess, and, as noted previously, the evidence 
for a denvatlon of ooproporphyrmuna HI from blood m the mtestmal tract is 
very dubious, furthermore, mtestmal bleedmg is not a feature of human lead 
poisonmg Stobvis’ view has not been supported by any subsequent studies 
although it was subscribed to by Bmgsoh (9d) In several instances the feces 
have contamed coproporphynn I at a time when the urme yielded marked 
excesses of the typo III isomer (98o, lOOe) 

Schumm (79b) was the first to identify coproporphyrin m the urme of cases 
of lead poisonmg, and Grotepass (33b) first showed that it is the type HI isomer, 
a findmg which Fischer and Duesberg (24f) reported in the same year with 
respect to experimental lead poisoning m rabbits Subsequent studies (16h, 
60a, 98e, lOOe) have extended and confirmed these observations witb the result 
that coproporphyrmuna III has come to be recogmted as a regular feature of 
lead mtoxication Glluther's belief (34a) that this was of diagnostic value has 
been amply confirmed by later work (25o, 46b, 67, 78e) which has emphasiied 
its value m mdustry Franke and Litxner (25o) found a range of 12 to 181 y 
per 100 00 . of urine m 43 workers, as compared with a normal of 3-7, 17 of 
the 43 had concentrations greater tlmn 60 y per 100 oo., and most of these 
exhibited other evidence of lead poisonmg, including basophihe stippling The 
experience of various investigators is shown m table 3 
The amounts noted m table 3 are Insufficient, as a rule, to cause a red urme. 
This IS, ra fact, but rarely noted in lead poisoning A case m which the urine 
was “port wme” color was observed by Crawford (14) 

Knowledge of the effect of other metals on the urmary coproporphyrm is much 
more fragmentary Considerable increases following mercury have been 
recorded by Vannottl (97b) and by Vlgliani and libowitiky (98c), but in both 
of these cases there were confusing compheationB, vis., a hematuria and homo- 
globmurm m the former and a cirrhosis of the liver with chronic alcoholism in 
the latter In Vaimotti's case, there was light sensitivity and both uro- and 
coproporphyrm I were isolated, the daily output of the latter durmg the penod 
of manifest illness rangmg from 4 to 12 mgm Two years later there was still 
light sensitivity and the coproporphyrm excretion ranged between 200-1300 y 
per day The uroporphyrm ivas found for a short time only durmg the acute 
poisoning and brmgs up the question as to whether this was a case of latent 
porphyrin m which mercury was a precipitating factor 
Insofar ns the case of Viglinni and Libowitiky is concerned, it has already 
been noted that coproporphyrm III is usually present m excess in cases of dr- 
rhosls m chronic aloohohcs, and thus it would bo difficult to ascribe the excess 
in this case to mercury 
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Hoerburger and Fink (39b) isolated coproporphynn III from the urme of a 
case of salvarsan toxicity which had been studied by Schreus (78c) Subsequent 
studies (10c, 81) have revealed frequent significant mcreases m patients receiving 
salvarsan, more particularly m cases havmg exfoliative dermatitis (10c) 

We have recently mvestigated a case of chrome arsemc poisomng charactenzed 
by typical hyperkeratoses, peripheral neuntis, and anemia Arsemc was found 
in marked excess m the hair and urme, and, although the source was never 
proved, there was reason to beheve that the patient had been poisoned in- 
tentionally The urinary coproporphynn excretion ranged from 1 to 3 2 mgm 
per dfi.y Smee this patient had worked as a filhng station attendant, at tunes 
siphonmg tetraethyl lead gasohne and handling battenes, the possibility was 
considered that he also had lead poisomng The presence of severe anenua and 
basophihc stipphng were somewhat more suggestive of lead than of arsenic 
poisomng The erythrocyte protoporph 5 TTn m this case ranged from 200-400 y 


TABLE 3 

Urinary coproporphynn excrelton in humans wilh lead poisoning 


AUTHOR 

PI* mm ExcsinoN* 

PUiMnmtAKT iscncES ttfz 

Qrotepass (33a) 

To 8 0 milligrams 

Copro-in 

SohreuB and Camd (78e) 

To 1 8 nnUigrams 

Copro-III 

Roth (76b) 

To 1 4 milhgrams 

Not detennmed 

Watson (lOOe) 

To 1 0 milligramfl 

Copro-in 

Vighani and Angelen (98b) 

To 3 4 miUigrams 

Not detennmed 

Mortens (60a) 

To 6 0 milbgrams 

Not detennmed 

Vigiliam and Libowitsky (98o) 

To 2 0 milligrams 

Copro-IU 

Vigliam and WaldenstrOm (98e) 

To 3 1 milbgrams 

Copro-in 

Kark and Meiklojohn (46b) 

To 1 2 milligrams 

Not detennmed 


* The values are not entirely comparable, as they are based m some instances on the 
yield of crystalline ester, and m others on fluorimetry 


per 100 cc of erythrocytes, as compared with a normal range of 10-30 y (lOOp) 
Data are not available with respect to the erythrocjde protoporphyrm m arsemc 
posisofung Serum and urme lead determmations m this case were just at 
the upper Imuts of the normal ranges and were therefore not diagnostic 
Certam other mvestigations of the effects of metals on porphynn excretion 
m animals may be mentioned Thus Sumegi and Putnoky (89) observed that 
Pb, Hg, Bi, Cu, Zn, Fe, Au and Ag caused loss of weight in white rats, together 
with hyperfunction of the thyroid and porphynnuna Also mentioned were 
disturbances of hver and renal function The mtensity of these disturbances 
decreased m general m the order of the metals given Thyroid hyperfunction 
and disturbance of poiphyrm metabolism were greatest with Pb, Hg and Bi 
These mvestigators found also that porphynn alone, injected mto rats, caused 
mtense thyroid hyperfunction Because of this they concluded that the por- 
phynn stimulated centers m the imd bram thus mducmg a thyrotoxicosis 
Obviously this study is of much mterest and the results need to be confirmed 
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Recently the effect on the urmary coproporphynn of lead, uranium, thonum, 
beryllium, lanthanum, nrcomura, mercury, and aiseiuc has been studied m 
both acute and chronic experiments on rabbits (80o) Insofar as lend is con 
earned the results of this study have confirmed those of previous mvestigators 
Marked mcrenses of tjrpe III isomer exoretlon, often persisUng for a number of 
months, were noted to follow single injections of from 8-50 mgm of lead (given 
ns lead acetate) per lalo of body weight. Thonum, nrcomum and lanthanum 
did not cause an increase except in nnimnlB which had received lead several 
months previously Since this was asaociated with an mcrcased excretion of 
lead, it was postulated that the moblliied lead rather than the newly administered 
metal of other typo, was responsible for the increased coproporphyrm IIL 
Uramum was found to cause a marked decrease m coproporphyrm excretion 
during the acute stage of polsonmg This was asonbed to renal mjuty Smaller 
amounts were followed by a sustamed, moderate mcrease. Injechon of arseiuo 
resulted m considerable mcreases of short duration 

A considerable hterature has accumulated with respect to the relation of 
ttdalivet to porphyrin excretion and porphyria. The use of sulfonal and tnonal 
has often been followed by a disease which is mdatinguiahable from the mter- 
mlttent acute porphyria of idiopathic type Uroporphyrin has been isolated 
repeatedly from the urme Elhnger and Riesser (19) noted a meltmg pomt 
of 256-257'’C which suggeste a WaldenstrOm type porphynn such as usually 
encountered m acute porphyria, Dobnner, however, isolated uroporphynn I 
from his case (16a) The findings m nnmial experiments have been somewhat 
oonfusing Stokvia (86a) first noted an mcrcased urinary poiphyrm excretion 
m rabbits and dogs, followmg sidfonal Fischer and Duesberg (24f) identified 
uroporphynn spectroscopically, in urme from sulfonal poisoned rabbits. 
WaldenstrOm and Wendt, m a later study (99d), found only copropoiphyrin III 
It was of interest m this study that draiethylsulfouKlimothylmothano, which 
differs from sulfonal only m havmg non hypnotic methyl rather than hypnotic 
ethyl groups, was just as effective m increasing the urinary coproporphynn 
Neubauer (66) had been aware of the simiiar effect of both compounds many 
years earlier, although designatmg the porphyrm as hematoporphynn WtJdcn 
strflm (99c) has shown that tnonal can precipitate attacks of typical acute 
porphyria m members of the famdy of mdividuals in whom the disease had 
prevnously been diagnosed This eraphasixes the question, as yet not answered, 
whether sulfonal and tnonal porphyria represent merely a precipitation of a 
latent, consUtutioiial disease 

Brugsdi (9d, e) noted dlstmct, although not marked, mcreases of urmary 
coproporphynn m patients receivmg paralddiyde, chloTalhydraU, amyUne 
hydrale, and nwrphtne, but not after therapeutic doses of barbUttralet Accordmg 
to Laubender and Monden (54) the urinary porphyrin excretion m rabbits is 
not mcrcased by feeding of barbiturates Duesberg (17b) and Haxthausen 
(38) both reported mdividual instances of acute porphyria followmg use of 
barbiturates. In the latter case phenobarbital had been taken, and it appeared 
that there was complete recovery following cessation of the drug In Ducsberg’s 
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Hoerburger and Fmk (39b) isolated coproporphynn III from the urine of a ' 
case of salvarsan toxicity which had been studied by Schreus (78c) Subsequent 
studies (10c, 81) have revealed frequent significant mcreases m patients receiving 
salvarsan, more particularly m cases havmg exfoliative dermatitis (10c) 

We have recently mvestigated a case of chrome arsemc poisomng charactenzed 
by typical hyperkeratoses, penpheral neuntis, and anemia Arsemc was found 
m marked excess m the hair and unne, and, although the source was never 
proved, there was reason to beheve that the patient had been poisoned m 
tentionally The urinary coproporph 5 Tnn excretion ranged from 1 to 3 2 mgm 
per dRy Smee this patient had worked as a filhng station attendant, at times 
siphonmg tetraethyl lead gasolme and handhng battenes, the possibility was 
considered that he also had lead poisomng The presence of severe anemia and 
basophihc stipphng were somewhat more suggestive of lead than of arsenic 
poisomng The erythrocyte protoporphyrm m this case ranged from 200-400 y 

TABLE 3 


TJnnary coproporphynn excretion in humans vnth lead poisoning 


AUTHOR 

PE* Dnat EXCSETION* 

piEDOinHAHT I501II1 TIH 

Grotepass (33a) 

To 8 0 milligrams 

Copro-in 

Schreus and Camd (78e) 

To 1 8 milligrams 

Copro-in 

Roth (76b) 

To 1 4 milligrams 

Not determined 

Watson (lOOe) 

To 1 0 milligrams 

Copro-IIl 

Vigliam and Angelen (08b) 

To 3 4 milligrams 

Not determined 

Mertens (60a) 

To 6 0 miUigrams 

Not determmed 

Vigiliam and Libowitzky (98c) 

To 2 0 milligrams 

Copro-lli 

Vigham and WaldenstrOm (98e) 

To 3 1 milligrams 

Copro-llt 

Kark and Meiklejohn (46b) 

To 1 2 milligrams 

Not determined 


* The values are not entirely comparable, as they are based in some instances on the 
yield of orystalhne eater, and in others on fluonmetry 


per 100 cc of erythrocytes, as compared with a normal range of 10-30 r (lOOp) 
Data are not available with respect to the erythrocyte protopoiphyrm m arsemc 
posisofung Serum and urme lead determmations in this case were ]ust at 
the upper hnuts of the normal ranges and were therefore not diagnostic 
Certam other mvestigations of the effects of metals on porphynn excretion 
m animals may be mentioned Thus Sumegi and Putnoky (89) observed that 
Pb, Hg, Bi, Cu, Zn, Fe, Au and Ag caused loss of weight m white rats, together 
with hyperfimction of the th 3 T 0 id and porphyrmuna Also mentioned were 
disturbances of hver and renal function The mtensity of these disturbances 
decreased m general m the order of the metals given Thyroid hyperfunction 
and disturbance of porphynn metabolism were greatest with Pb, Hg * 
These mvestigators found also that porphynn alone, mjected mto rats, caus 
mtense thyroid hyperfunction Because of this they concluded that the por- 
phyrm stimulated centers in the mid bram thus mducmg a thyrotoxico^ 
Obviously this study is of much mterest and the results need to be confirm 
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Recently the effect on the unnary coproporphyrm of lead, uranium, thonum, 
boryllium, lanthanum, nrconium, mercury, and arseme has been studied in 
both acute and chronic expenmeuts on rabbits (80c) Insofar ns lead la con 
cerned the reaults of this study have confirmed those of previous investigators 
Marked increases of type in isomer excrebon, often persisting for a number of 
months, were noted to follow mngle mjeebons of from 8-50 mgm of lead (given 
as load acotate) per kilo of body weight. Thonum, nreomum and lanthanum 
did not cause an increase except m animals which had received lead several 
months previously Smee this was associated vnth an mcrcascd excretion of 
lead, it was postulated that the mobiliied lead rather than the newly administered 
metal of other type, was responsible for the increased coproporphyrm III 
Uranium was found to cause a marked decrease m coproporphyrm excretion 
during the acute stage of poisomng This was ascnTied to renal mjury Smaller 
amounts were followed by a sustamed, moderate mcrease Injeebon of arseme 
resulted m considerable mcreases of short duration 

A considerable literature has accumulated with respect to the relabon of 
tedaiwa to porphyrin excretion and porphyria. The use of sulfonal and tnonal 
has often been followed by a disease which is indisbnguishable from the mter 
mittent acute porphyrin of idiopathic type. Uroporphyrin has been isolated 
repeatedly from tbs urme Ellinger and Riesser (19) noted a melting pomt 
of 256-267°C which suggests a WnldenstrCm type porphynn such as usually 
encountered m acuta porphyria, Dobrmer, however, isolated uropoiphyidn I 
from his case (I6a) The findmgs m ammal experiments have been somewhat 
confusing Stokvia (86a) first noted an mcreased unnary potphyrm excrebon 
m rabbita and dogs, following sulfonal Fischer and Duesberg (24f) identified 
uroporphyrm spectroscopically, in unne from sulfonal poisoned rabbits 
WaldenstrCm and Wendt, m a later study (99d), found only coproporphyrm HI 
It was of interest m this study that dimethylsulfomlimethylmothane, which 
differs from sulfonal only m havmg non hypnobo methyl rather than hypnotic 
ethyl groups, was just ns effective m increasmg the unnary coproporphynn 
Neubauer (06) had been aware of the snnilar effect of both compounds many 
years earher, altbou^ designating the porphyrm as hematoporphyrm Walden 
strOm (99o) has shown that tnonal can precipitate attacks of typical acute 
porphyria m members of the family of mdivnduals in whom the disease had 
previously been diagnosed This emphasiies the question, as yet not answered, 
whether sulfonal and tnonal potphyrla represent merely a predpitabon of a 
latent, constitutional disease. 

Brugsch (9d, e) noted distinct, although not marked, mcreases of unnary 
coproporphyrin in patients receiving paraldehyde, ehlondhydrate, amylenc 
hydrate, and morphine, but not after tberapeube doses of barhiiuralee Accordmg 
to Laubender and Monden (64) the unnary porphyrm excretion in rabbita is 
not mcreased by feeding of barbiturates Duesberg (17b) and Haxthausen 
(38) both reported mdividual instances of acute porphynn foUowmg use of 
barbiturates In the latter case phonobarbilal had been taken, and it appeared 
that there was complete recovery following cessabon of the drug In Duesberg’s 
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case uropoiphyrm was tentatively identified The possibihty must be con- 
sidered, as m the case of sulfonal and tnonal, that the barbiturate iias only a 
precipitatmg factor m a latent, constitutional disorder Eichler (18) and 
Brugsch (9d, e) believe that latent disturbance m porphyrm metabolism 
charactenzQd only by mild nervous and mental disorders, may be exaggerated 
to the pomt of outspoken or fatal porphyna by the use of sedatives 

The effect of sulfonamides and other aromatic amines on the urinary copro- 
porphynn has been studied m some detail Sigmficant increases have often 
been observed followmg sulfanilamide administration to humans (73d, 84), 
especially where toxic reactions were encountered (10a, c , 21 , 100m) Rimington 
and Hemmmgs (73c) noted marked mcreases m the unne and feces of rats 
receivmg large amounts of sulfanilamide This was true, also, with many other 
aromatic ammes which they tested Similar results w ere obtamed by Brownlee 
(8a), who studied sulfanilamide, acetanilide, phenacetm, phenazone, amido- 
P3mne, aspinn, and p-ammophenol In both of these studies the excessive 
coproporphynn was shown to be the type III isomer It was postulated that 
this was derived from methemoglobm, the latter bemg formed by the oxidative 
action of the chemical (see Brownlee’s paper (8a) for further discussion) This 
possibility will be considered later 

Penew and Tropp (68) reported mcreased unnarj' coproporphynn excretion 
m humans followmg ether or nitrous oxide anesthesia, and m some mstances 
after novocam (local) anesthesia The mcrease m all of these cases was thought 
to be related to transitory hver mjury, classified by them as a “serous inflam- 
mation ” Tropp and Penew (93b) noted a large amount of coproporphynn m 
the unne of an mdindual poisoned w'lth illuminatmg gas The isomer type 
was not mentioned m either of these ^papers 

The effect of carbon tetrachlonde upon the unnary coproporphynn has 
not been discussed m the litelature In a case of acute poisonmg observed 
recently, a marked mcrease of the type III isomer m the unne was determmed 
This patient, however, was a moderate alcohohc so that the finding is somewhat 
more difficult to mterpret Thus it was foimd that the patient excreted 373 7 
m 24 hours shortly after admission, 65 per cent of this was the type III isomer, 
as determined by the differential precipitation techmque Gillam and Kench 
(29) studied a case of severe methyl chlonde poisonmg charactenzed climcally 
by dehnum, convulsions, and tremor Marked mcreases of copropoiphynn III 
were isolated both from the unne and feces A rapid declme m the amount oc- 
curred as the patient recovered There was no anemia at any time 

The effect of alcohol on the unnary coproporphjTin has already been discussed 
in the section relatmg to hver disease, particularly the cirrhosis of chronic 
alcohohcs 

Shin diseases and photosensitivity The fundamental aspects of photosensiti- 
zation by the porphynns have been discussed m detail elsewhere (6a, b, 37b, c, 
87a, b, 97c), and wtU not be considered here In the mam, outspoken photo- 
sensitivity has been a feature of congemtal poiphjwia (uroporphynn excretion) 
and has been noted but rarely m cases where coproporphynn alone was observed 
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(vide infra) This is in accord with the obsenation of Fischer (24c) that m 
warm blooded animals, the degree of photosensitmng abihty of the nntiiralh 
occurring porphyrins is correlated wnth the number of carboxyl groups. Thu^ 
uroporphyrin with eight is the most effective, coproporphynn with four less 
BO, and proto- and deuteroporphjTins with tw o each, not at all On the other 
hand, the artificial homatoporphynn, which also has but two carhoxjl groups 
IS rather strongly light sensitising both for man (24o, 61 , 88) and animals (4b, 
28,28,37b, c, b) Dobnner and Rhoads (lOi) gno the order of photoscnsiUsing 
effect, ns judged by the sei enty of "bght shook” (24c) produced in white mice ns 
followw "hematoporphynn 9 (typo fill, uropoiphvrm I, deuferoporphyrm 9 
(typo ni), coproporphynn 1, and protoporphynn 9 (type III) Coproporphynn 
type III seems to be but slightlj todc and uroporphyrin ‘type III' non toxic ’ 
Bingel (4b) also reported that coproporphjnn III is less sensitising than I 
Gildemeiater (28) found that the uroporphynns combmo with the serum nlbiimm 
fraction, but that coproporphynns I and III do not This is of ob\ lous mterest 
when it in remembered that blood serum has been reported to be protcctiye 
against photosensitixation (71, 82) Shibux’s (82) found, howeyer, that serum 
was also protective against the photosensitising effect of coproporphynn 
Fischer and Zerweek (24m) had prenoualj reported a protective action on the 
part of the brown pigment (urochreane) of normal and pathological unnes, a 
compound which they behove was denied from protein Mertena (60b) 
correlated tho chemical findings m the unno with the presence or absence of 
photosensitivity, m the cases of porphvna reported up to the time of her paper 
(1937) Alt of these but two le the cases of lan den Bcrgh (fiOd), and of 
Fischer and co-workers (241), excreted uroporphjnn The two exceptions 
mterestmgly enouf^, both excreted coproporphynn III, a finding m some con- 
flict with the expenmental results already referred to As mentioned prenouslv, 
tho case of chronic porphvna recently reported bv Taylor and co-workers (91) 
exhiblteil marked photosensitivity, >x)t the iinne was said not to contam uro- 
porphynn Both coproporphynn isomers wuro identified The ease of Grote- 
pass and Dofalque (33c) appears to have been of the some type. The relation of 
coproporphyrin to tho photosensitivity in these and other disease states is not at 
all clear The case of idiopathic coproporphynnutia cited earhor, m which 
unusually large amounts of the type III Isomer irere axcroted, >'et without 
mnnifcstations of any land, attests to the difficulty of the problem Photo- 
BenslUvity m cortam skm diseases has been linked by certain mvcstigatom with a 
Bocondarv coproporphynniina Thus it has been suggested repeatedly that the 
dermatitis of pellagtp is related to photosensitmition by coproporphynn (2 3 
20, 59, 86) The methods used m these studies were not specific for porphjnn, 
and m fact it is clear that the color measured b\ tho technique of Fllmger and 
Dojmi (20) is mainly duo to formation of uroroscin from mdolacctic acid, rather 
than to porphyrm (lOOi, j 1) In alcoholic pellagra considcrnbly increased 
amounta of copropoiphvrm have been encountered in the urme (10k, 74, lOOi) 
This has been identified as coproporphynn III and has been noted to declmo 
after mcotinic acid thempi and abstmcnce from alcohol (16k, lOOi) As ob 
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served earlier, however, this decline is quite usual in the ordinary alcoholic who 
stops drmking and resumes eatmg Significant mcreases of coproporph 3 ujn 
have not been found m endemic pellagra, either m urme (45a, lOOi, 1) or feces 
1001) Rafsky (70) reported an mcreased poiphyrmuna m aged subjects and 
ascnbed it to dietary deficiency, but agam the method employed was that of 
Elhnger and Dojmi (vide supra) The question of mcreased coproporphyrmuna 
in other diseases in which mvolvement of the skm is prominent has been reviewed 
by Dobrmer (16i) who found conflicting reports concemmg such conditions as 
erythema multiforme, lupus erythematosus, and xeroderma pigmentosum 
Considerable vanabihty was also evident m the rather extensive study of 
Brunstmg and co-workers (10c) It may be noted with respect to this study that 
of rune cases of so called “eczema or urticaria solare”, only two exhibited m- 
creases of porphynn excretion and these were but slight Goeckermann, 
Osterberg and Sheard (30) had previously noted a considerable mcrease m one 
such instance Thus it appears that, as in hydros aestivale seu vacciniforme, 
the porphyrms are imphcated m some but not all cases of solar eczema or 
urticana 

Origin and significance It may be well m concludmg this review to attempt to 
correlate what has gone before m terms of the more fundamental aspects of the 
coproporphynns, i e , their site of formation and functions The evidence, 
however, is too scanty to permit conclusions and it is only possible to summanze 
the existmg knowledge and theones 

It IS clear that the coproporphynns are easily synthesized from “mednge 
Bausteine” by umcellular organisms, viz , yeast cells (24g, k, n), and vanous 
types of bacteria (11 , 13, 42, 67) In this connection, it is of mterest that yeast 
cells undergomg autolysis manufacture coproporphyrm I without reducmg their 
formation of protoporphyrm 9 (type III) (24g) Bacteria, on the other hand, 
synthesize coproporphyrm III (42, 63a, b), at least msofar as is known at present 
The sigmficance of this difference has not been determmed Whether the syn- 
thesis of coproporphyrm is as easily achieved by animal cells is unknown Re- 
cent studies have shown that protoporphyrm, at least, is readdy formed from 
such simple precursors as acetates and glycme (4c, 81a) The transition to 
coproporphyrm is theoretically rather easy, requirmg merely the addition of 
formic acid to the vmyl groups of protoporphyrm (241) van den Bergh and his 
co-workers (96c) beheved they were able to prove the occurrence of this transition 
m liver perfusion experiments, but their results could not be confirmed by Watson 
and co-workers (77, lOOn) 

Borst and K6mg^6rffer (7) observed coproporphyrm m the megaloblasts of 
embryomc bone marrow and of the bone marrow m the case Petry m vhom per- 
nicious anemia was said to have been nnportant m the cause of death The 
subsequent fin ding of an mcreased excretion of coproporphyrm I m pernicious 
anemia (16h, g, 1, 98c, lOOf), hemolytic anemias (16a, d, m, 100b), and re- 
generative post hemorrhagic anemias (lOh), all of which are characterized by 
mcreased, albeit differing varieties of eiythropoiesis m the bone marrow, led to 
postulation that formation of copropoiphyrm I is proportional to the rate of 



TnUNART COPROPORPHTRlKa IN HEALTH AND DISEABE EOl 

eiythropoiesia (lOd, h, m, lOOf) Rimuigton (73e) and Dobnner and Rhoads 
(16g) advanced the theory that coproporphynn I is formed as a bj product of 
hemoglobin aynthoas, Rimington (73e) Buggestmg a normal ratio of 10,000 of type 
in (protoporphyrm) to 1 of typo I (coproporphynn) The conatant proportion 
m rate of formation of these two porphyrins noted by Dobrmer and Rhoads led 
them to suggest, quite sunilail} , that “the two substances are not syntheaicd 
independently but are products of the same chemical process” As shown m 
figure 5, they postulated that two dipynylmethenes, A and B, are the precursors 
of both types I and III porphynns The mam synthesis proceedmg to the 
protoporphyrin 9 of the hemoglobm molecule would thus depend upon couphng 





Fi* 6 Scbemo of fortiuitlon of bomoglobln Asd tbo coproporphyrins u according to 
l>obrlzi«r and Hboodfl J Clin InvettigaiionlT 9$ 1035 Bcprodaced by permission of tbo 
pnbllfihQit 

of two moleoiles A and B while the formation of coproporphimn I would depend 
upon coupling of two molecules of A It is further seen that two molecules of B 
would form a type n porphynm As already noted, ho^s ever, there is no evidence 
for the occurrence of the latter type m nature The scheme shown in figure 6 
does not attempt to answer the question as to whether ct^roporphjTin I is 
formed by direct syntheaiB or by addition of formic acid to the vinyl groups of an 
isomeric (type I) protoporphyrin Accordmg to Rimington’s theory (73o) nxm 
18 "blocked” by certam substances, such as lead, from combination with proto- 
porphjTin, and the latter, which is thus not used m hemoglobin synthesis, is 
converted to coproporphynn III It should be noted that this is regarded as a 
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disturbance m “Aufbau” rather than “Abbau” The latter, however, would be 
represented by the transition hemoglobin — > methemoglobm — > copropoiphynn 
III, Avhich Rinungton and Hemmmgs (73c) and Brownlee (8b) beheve to be the 
mode of elaboration mduced by the suKonamides and similar chemicals 
Rimmgton’s theory assumes that porph 3 mn formation is imder an enzymic con- 
trol, the nature of which is such that under normal circumstances, the above 
mentioned ratio of 10,000 to 1 prevails Accordmg to this, m qmte the same 
manner as postulated by Rhoads and Dobrmer, an mcreased excretion of copro- 
porphynn I would be expected m conditions associated with mcreased erythro- 
poiesis Further studies of fecal and unnary copropoiphynn excretion are 
needed m a vanety of anemias havmg both mcreased and decreased eiythro- 
poiesis Preliminary studies (80g) have demonstrated that, m animals havmg 
diminished erythropoiesis due to radiation, there are significant decreases m 
copiopoiphyrin excietion as might be expected on the basis of these theones 
This, however, has not been shown for human aplastic or hyporegenerative 
anemias 

Rimmgton’s enzymic theory ascnbes the marked mcreases of type I isomer m 
congenital porphyna to an mbom disturbance m enzymic control of the direction 
of synthesis The over-production of t 3 pe III m other cases of porphyna is 
viewed by Rimmgton as an abnormahty m enzymic control of heme synthesis 
sunilar to that already referred to for lead poisomng, i e , a "blockmg” of the 
entrance of iron mto vanable fractions of the protoporphjTin molecule, which is 
then converted to copropoiphynn III Actual evidence for this, however, is 
lackmg, and it should be noted that Kench and co-workers (48) doubt the “block- 
ing” theory because they faded to find any quantitative relationship m lead 
poisomng, betn een hemoglobm metabolism and copropoiphynn III excretion 

The fundamental position of uroporphyrm and its relation to coproporphyiin 
has not been determined H Fischer (24b) raised the question as to whether the 
latter was converted to the former by the kidneys, smce at that tune uropor- 
phyrm had only been observ ed m the urme Smce it has been established that 
it IS a normal constituent of mammalian embryonic and early postnatal bone and 
that it IS still present m the ossicles of the inner ear m later postnatal life (61a), 
further, that m porph 3 rna it is commonly encountered m the feces (80a, lOOq) 
and m the viscera, especially the hver (7, 24q, lOOq), the important question for 
future studies to answer is whether coproporphjnm formation proceeds over 
uroporphynn by simple decarboxylation Whde uroporphynn probably has 
some function m pre- and early postnatal life, the possibihty exists that imder 
normal circumstances m later postnatal life, it is formed and rapidly decar- 
boxvlated to copropoiphynn Porph 3 Tia, on this basis, would consist of a 
marked over production of uroporph 3 rrm with vaiymg degrees of failure of de- 
carboxylation to coproporphyrm, m different cases 

The possibihty also exists, however, that the essential constitutional error m 
porphyna is a further carboxjdation of copro- to uroporphynn This would 
have to mclude, of course, an excessive production of copropoiphynn and a 
vanable efficiency of carboxylation m order to explam cdses of the type repre- 
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tented m figure 4 From a stnotly chemical standpomt, the pnmaij tynthcss 
of uroporphyrin with eecondary decarboxylation would appear to be the mom 
likely of the two posabihtiea This needt further Btud\ aa a possible normal 
mechanism of coproporpha rm formation 

The possibihty of formation of a fraction of the unnary coproporphyrm m the 
intestinal tract either from hemoglobm, or as a product of bacterial metabolism, 
at least under certam circumutances, cannot bo a holly excluded Yet it can bo 
said that the contribution from either of these sources is at least quite small and 
that the urinary coproporphyrm is mainly endogenous. It is probable that 
coproporphyrm III is formed m small amount both from blood m the mtestmo 
and hy certain of themtestinal flora, but the most recent objectiic studies (53a, b) 
have failed to reveal any appreciable absorption and urmary excretion It may 
be noted, however, that the discrepancy beta een these results and those reported 
by Kaumts (46), is unexplamed Mallmckrodt-Haupt (67) stated that the 
mcrensed coproporphyrm (I) of the unne m permcious anemia is dem ed entirely 
from an abnormal bacterial flora m the colon, the abnormahty, in his opmion, 
dependmg upon the aohlorhydnn He impUed, m fact, that all of the urmaiy 
coproporphyrm, whether normally or m disease, was derived m this way As 
already observed, the available evidence mdicates that whatever coproporphyrm 
Is formed by the bacterial flora is typo HI rather tha n tyrpe I, and further that it 
IS very questionable whether this is absorbed There are m addition , a number of 
other objections to this view, as follows 

1 The raecomum, which does not have a bacterial flora is relatively nch in 
coproporphyrm I (79b, 09f), a findmg which we have confirmed * Garrod (27o) 
and QOnthm (34a) had previously observed "heroatoporphyrm" in the me- 
conium, and Schumm (79b) first identified it as coproporphyrm 

2 The excretion of coproporphyrm I m the feces and urme of permcious 
ftnemin patients decreases significantly after liver mduced remission (lOc, lOOd) 
although the achlorhydria and hence the effect on the bacterial Dora of the colon 
which Malhnokrodt-Haupt emphasixea, is jiermanent. 

3 The amounts of coproporphyrm I In the feces of bomolytio jaundice patients 
usually exceed considerably those of jiermciouB anemia in relapse (lOOd, o, f), 
yet the gastric hydrochloric acid and the bacterial flora of the colon m this disease 
are, usually at least, quite normoL 

4. If the baoterml flora of the mtestine were mainly responsiblo for the urinary 
coproporphyrm, one would have to assume a diffetmg flora m such conditions ns 
aplastio or refractory nnemm on the one hand from that in infectious hepatitis 
on the other, or in infectious hepatitis from that m pohomyehtis, m accordance 
with the recent findings as referred to in the foregoing While such a difference 
is barely possible, it would appear to ho quite unlikely 

With the posable exception of a denvation of coproporphyrm HI from meth- 
cmoglobm, aa discussed previously, there is httle evidence for, and a great deal 
against the catabohe theory of coproporphyrm formation It appears that 

• UnpublUhod 


50G 


CECHi JATilES WATSON AND EVREL A LARSON 


(f) Dobeini^, K usd C P Rhoads New England Med J 219' 1027, 1938 

fg) Doeeineb, K andC P Rhoads J Clm Investigation 17 95,1938 

(h) Dobeinee, K and C P Rhoads J Clm Investigation 17 105, 1938 

(i) Doeeineb, K and C P Rhoads Physiol Rev 20 416, 1940 

0) Dobehsee, R , C P Rhoads and E E Rummei J Clin Investigation 17 126 
1938 

(k) Dobbinee, K , W H Steain and S A. Locaijo Proc Soc Exper Biol and 

Med 38 748, 1938 

(l) Doeeineb, K,W H Steain, H GcildandS A Locauo J Qin Investigation 

17 761,1938 

(m) Dobbinee, K , W H Steain, S A Locauo, H Kehtiiann and D I Stephens 

Proc Soc Exper Biol and Med 86 765,1937 

(n) Dobeinee, K,W H Steain, and S A Locauo Proc Soc Exper Biol andMed 

36 752,1937 

(17a) Dcesbero, R Arch f exper Path u Phannakol 162 249, 1931 

(b) Dcesbero, R Mflnchenmed Wchnschr 79 1821,1932 

(18) Eicheeb, P Ztschr Neurol 141 363, 1932 

(19) Elungee, A andO Riesser Ztschr f phjsiol Chem 98 1,1916 

(20) Eeunger, P and F Dojui Chem and Industry 13 607, 1935 

(21) Figge, F H G , T II Cabet and G S Weiland J Lab and Clm Med 81 

752, 1946 

(22) Fikentscheb, R Biochem Ztschr 249 257, 1932 

(23) Fin'k, H and W Hoerbdeoer Die Katunvissenschaften 18 292, 1934 

(24a) Fischer, H Ztschr f physiol Chem 96 34, 1916 

(b) Fischer, H Ztschr f ph>8iol Chem 96 148, 1916 

(c) Fischer, H Ztschr f physiol Chem 97 109, 1916 

(d) Fischer, H Ztschr f physiol Chem 166 96, 1926 

(e) Fischer, H Oppenheimer’s Handb d Biochem des Menschen und die Tiere 

Zweite Auflagc, ErgSiixungsband p 72, G Fischer, Jena, 1930 

(f) Fischee, H and E Doesberg Arch f exper Path u Phannakol 166 95, 1932 

(g) Fischee, H and H FncK Ztschr f physiol Chem 160 243, 1926 

(h) Fischer, H and H Hilmer Ztschr f physiol Chem 163 167, 1926 

(i) Fischer, H and J Hierneis Ztschr f physiol Chem 196 155, 1931 

(j) Fischee, H anti Liboxvitzkt Ztschr f physiol Chem 241 220, 1936 

(k) Fischee, H and H Oeth Dio Chemie des Pyrrols Bd II, I HSlfte, Leipng 

Akad Verlagsgesellsch , 1937 

(l) Fischee, H , K Plate and K Moboenhoth Ztschr f physiol Chem 182 266, 

1929 

(m) Fischee, H and W Zebweck Ztschr f physiol Chem 132 12, 1924 

(n) Fischee, H anti K Scentilleb Ztschr f physiol Chem 136 253, 1924 

(o) Fischer, H and W Zerheck. Ztschr f physiol Chem 137 176, 1924 

(p) Fischee, H and K Zeile Liebig’s Ann d Chem 468 98, 1929 

(q) Fischee, H , H Hiiaieb, F Lindner and B POtzer Ztschr f physiol Chem 

160 44, 1926 

(25a) Feanhe, K Ztschr f klm-Med 130 222,1936 

(b) Fbanke, K. and R Fikentscheb MOnchen med Wchnschr 82 171, 1935 

(c) Fbanke, K and S Litznter Ztschr f kbn Med 129 116, 1936 
(26) Gaffeon, H Ztschr f physiol Chem 179 167, 1926 

f27a) Gabeod, A E J Physiol 18 698, 1892 

(b) Gabeod, A. E J Path and Bact 1 87, 1893 

(c) Gabeod, A E Lancet 2 1323, 1900 

(d) Gabeod, A. E Inborn errors of metabolism H Fronde, London 1923 2nd ed 

(28) Gildemeisteb, H Ztschr f d ges exper Med 102 68, 1937 

(29) Giuaai, A E and J E Bench Lancet, London 2 806, 1940 


UBINABT OOraOPOHPHTBIKS IN HKAI/TH AND DISBABB 


607 


(80) GoEcrjcBMAK, H W , A E 0«mBEBa and C Bheasb Arch BeniiAi atui S/pk. 

SO: 601, 1939 

(81) Qbakick, 8 akdB Oildeb Sdence 101:640, 1946 
(32a) GHii:rnuK,M LaFreiuaMedica44t2341, 19^) 

(b) Qb]Nbtzik,M La PrcDia Madie* 46 2296,1940 

(c) Gbikbtxiw M , 8 ScHifABTi AKD C J Watson J BIol Chon 157 823, 1946 

(d) GriN 8 TE 1 N,KL KeyiataArg — ^Korteamlo deCienoMed 6:2 1944 
QtSa) Gbotzeabs, W Zteehr f phyilol Chem 206:193,1032 

(b) Gbotepasb, W Zteehr f phyalol Chon 263:276 1938 
(o) Qrotepabs W and a BcFAiiQtni ZUchr f phyeiol Chon Sa* 165, 1933 
(84a) GOktiieb,H Ergcbn allg Path u^path^Anat 20:608 1922 
(b) QtDmisB H Krankheiten dea Blutet und der blutbOdenden Organa. Bd 3 
Berlin Julius Bpnnger 1925 

(55) HA1.TEB, K Arch f Bermaiol u 8yph 178:340,1933 

(36) Habamoht L Centralbl f allg Path u path Anai 64: 161 1932 
(37a) IlAtTSiuKir W Wien, kiln Wchnschr 22 1820 1909 
(b) HAuauAKK, W Sonderbande a fitrahlentheraple Wien Berlin Urban and 
Behwanesberg, 1923 

(o) HAuauAim W amd H UAXTHAuacN Ble Liehtkranlcnngen der Hant Urban 
and SehTrarxenberg Berlin and Vienna 1929 
(d) HApBUAinr W akd P M Kuhn Bloehem Ztaebr 266 106 1933 
(38) HAXTUAUacK H Dennat Wchnschr 64: 827, 1027 
(38a) Biix, H akd H F Hoincir Bloehem J 20 1826, 1926 
(30a) HQEABxmacB W Inaugural Biesertatlon, Erlangen 1933 
(b) Hoububoeb W akdH Fwx Zteehr f physiol Chem 236 136 1936 

(40) Boesoi K akd C Cabsj^ Ztschr f klm Mad 129:214 1936 

(41) Eoppc-Setixii, F Cited by hcKcn akd Siebeb (64) 

(42) Jaxob, a Klin Wchnschr 16 1024 1939 
(43a) KJHatzBXB B ElinWobneohr 2 1163 1023 

(b) KIuuebct, B akd W K. Mxtxb Beutseb Arch, f klicu Med 179 : 392, 1936 
(44a) Kapp, E M and A F Codukk Bnt J Exper Path IT 266, 1936 
(b) Kapp E M Brit J Exper Path 20 33, 1939 
(45a) Kasjc, R akd A P Mckixjobk Am J Med Bo 201 380, 1941 
(b) Karx R akd A P MEiKLCjonK J Clin Investigation 21: 91, 1942 

(46) KxuNrrr B Ztschr f kiln. Med 188 662 1938 

(47) KjuliNjB proc Roy Soc London (B) 98:312 1025 

(48) KcKcn, J £ A E OtLnAifAKnR E Lakk Bloehem J 36 334 1942 

(49) Krrs A akd J Bnnasen J Am Chon 8oc 60 2135 1038 
(60) KiBSTAHtsR A Tab Blologicae Perlodleao 7: 48 1931 
(61a) KlOvib H J Psychol 17 200,1944 

(b) KlOvir, H Sclenco 99 483 1944 

(c) KLtlVEB, B Personal communication 

(62) Laoedeb K Arch f Verdauimjpikr 68 237 1034 
(63a) Labsok E A Graduate Thesis — Unlv oIMlnn November 1946 
(b) Larson E A akd C J Watson Btudlea of Coproporphyiin (V) (to be pub- 
lished) 

(64) Laubekder W ^KD K Mokdex Arch f exper Path u. Pharmakol 183 : 662 
1938 

(56) IiBowmET, H AKDK.F ScoxiD Klin. Wchnschr IT 16G 1933 

(66) MacMonn C a Proc Roy 8oc of London 31: 206 1880 

(67) V Mallinocrodt Uautt, A B Klla, Wchnschr 20 190,1941 
(68a) Mason, n L akd 8 Nesbitt J Biol Chem IK 10 19H 

(b) Masok V R 0 ComviixE akd E Ziswkd Medicine 12 355 1933 
(60) Masoa.M Hifonnamed 46 IG69 1932 



610 


CECIL JAMES WATSON AND EVRBL A LARSON 


(p) Watson, C J , M Grinstein and V E Hawkinbon J Clin Investigation 28 

69,1944 

(q) Watson, C J,S Schwartz and V E Hawkinbon J Biol Chem 157 345,1945 

(r) Watson, C J , W Schulze, V E Hawkinbon and A B Baker Proc Soo 

Exper Biol and Med 64 73, 1947 

(s) Watson, C J , S Schwartz, D Sotherland and V E Hawkinbon Studies-of 

Coproporpliynii (I) (to be published) 

(t) Watbon, C j , R C Capps, E M Rappaport and V E Hawkinbon Studies 

oi Coproporphynn (11) (to be published) 

(u) Wateon, C j , D Sutherland and V E Hawkinbon Studies of Coproporphynn 

(III) (to be published) 

(v) Watson, C J and V E Hawkinbon Studies of Coproporphynn (VI) (to be 

pubhshed) 

(w) Watson, C J , R Zaoaria, B Morgan and S Schwartz Studies of Copropor- 

phynn (VII) (to be pubhshed) 

(x) Watson, C J and V E Hawkinbon Studies of Coproporphynn (VIH) (to be 

published) 

(y) Watson, C J and S Schwartz Proc Soc Exper Biol and Med 47 393, 1941 
(101) Weiss, H Deutsch Arch f klin Med 149 255, 1926 



Physiological Reviews 

VoL 27 OCTOBER, 1047 No 4 

BODY SIZE AND METABOLIC KATE 
MAX KLEIBEU 

Dtnffton of Animal HutUmdry ColUye of Agneullurt Umvernty of California Davis 

CORIIELATION BETWEEN BODY SI£D AND METABOLIC BATE GOnther (1944) 
introduces a recent review on body weight and metabolic rate with a motto v hich 
starts as follows 

‘Tt IB believed that far greater progress will be made by discardmg all thoughts 
of a uniformity m heat loss and emphasinng the non umfonmty in heat 
production 

The sentence is a citation from Benedict's book Vttal Energetics (193S p 194) 

It 18 rather difficult to understand how forgetting all thoughts of umfonmty 
and emphasiaing non umfonmty can stimulate a comparison of metabolic rates 
of large and small animals Any companson presupposes a common basis, and 
if I were convmced of the "futihty of attempts to discover a unlf>^ng pnnciplc in 
metabolism” (Benedict, 1 c , p 178) I should not attempt to write a review on the 
relation of body siae and metabolic rate 

The reader can be expected to spend Ume on this review only when he can bo 
convinced that body sue and metabohe rate are actually related That these 
two vanables ore related is in fact common knowledge. 

Does a horse produce more heat per day than a rat or do some rate produce 
more heat than do some horses? Almost anybody who understands what is 
meant by “heat production per day' will not hesitate to give the correct answer 
and will even be commeed that the daily rote of heat production of men or sheep 
is greater than that of rats, but smaller than that of horses Thus most people 
(among those who understand the question) are convinced that in general the 
bigger homeothenns produce more heat per day than the smaller homcotherms, 
that, m other words, the metabolic rote of homeotherma is positively correlated 
to body sixc 

The answer to the next question “doee a horse produce more heat per daj 
per kilogram of bod> weight than a rot?” requires some biological training Most 
biologists, however, ^vill‘not hesitate to ansirer that the rate of heat production 
per umt body ^veight of the big ommaJ is less than that of the small animal 

The positive correlation between metabolic rate and body sixe, and the nega 
tne correlation between metabolic rate per umt weight and body sice, establish 
two limits between which wo expect to find the rote of heat production of a horee 
if wo know the rate of heat production of a rat Wc expect the metabolic rate 
of the horse to bo somewhat between that of the rot and that of the rat times 
the ratio of horse wwght to rat weight proMded of course that wc do not regard 
these two correlations ns simplj accidental 

If wc ore firmly con\inccd that tho metabolic rate of horses, and other homco- 
therms of similar aze, is nc\er outside these two limits, then wc admit to rccog 
niro a natural law between bodj size and metabolic rote Tlic firmness of the 
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conviction, or the probabihty of being correct, rather than the range within 
which we predict a result, justifies the term "law " 

For the usefulness of a law, however, the accuracy of prediction is important 
We may attempt to formulate the relation between liody size and metabohc rate 
more precisely than "somewhere in the range between rate per animal and rate 
per umt weight " 

Encouraging for such attempts is the fact that the correlation between meta- 
bohc rate and body weight is, mdeed, rather high For 26 groups of mammals, 
dealt with particularly in this review, the coefficient of correlation between the 
two vanables amounts to -fO 98 

This high correlation involves standardization of conditions under which 
metabohc rates are measured The standard metabohc rate should be measured 
while the ammal is in a post absorptive condition, and kept withm the range of 
metabohcally mdifferent environmental temperature 
The task is to find a metabohc body size which is chosen so that the metabohc 
rate per umt of this body size is the same for large and small animals 
The square meter of body surface is such a umt which allows a more accurate 
prediction of metabohc rate than the two limits mentioned above The surface 
area of animals is, however, ill defined, and relatively recent results mdicate 
that the metabohc rate per umt surface area tends to be greater the larger the 
ammals (Kleiber, 1932) Among the 26 groups of ammals chosen for discussion 
in this review the metabohc rate per umt of the 2/3 power of body weight (which 
roughly represents surface area) has a highly significant correlation to body 
weight The correlation coefficient amounts to -f 0 71 
Such correlation disappears when the metabohc rate is divided, by the 3/4 
power of body weight The umt of the 3/4 power of body weight, is 
therefore a smtable umt of metabohc body size 
Fastmg homeotherma under standard conditions produce daily an average of 
about, 70 kcal of heat per kg *f* or 3 kcal per kg per hour 
The umt of metabohc body size is of great mterest m comparative physiology 
It permits an expression of the metabolic level of an ammal mdependent of its 
body size, and it makes possible the comparison of a particular metabohc level 
with the interspecific mean of 70 kcal per kg per day 
Such a comparison, furthermore, permits for example the statement that the 
metabohc rate of a 70 ton whale estimated by Irvmg, Scholander and Gun- 
nell (1941) is high in comparison to that of other mammals (whereas the 
whale’s rate per kg is only 1/10 that of a mouse) Such a companson, made 
possible by the use of metabohc body size, may stimulate research to establish 
the conditions producing that high metabohc rate It may lead, for example, 
to a companson with the metabohc rate of Eskimos which also is at a relatively 
high level (Rabinowitch and Smith, 1936) The umt of metabohc body size 
IS further useful in evaluating levels of food mtake m animal production, and m 
classifying farm animals with regard to their efficiency as food utihzers. Food 
requirements and dosages of most vitamins and drugs may be expressed m 
terms of metabohc body size 
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This review is linuted to mammBls The conclusiona are, however, also appli 
cable to birds whose metabolic level was found to be m hne with the mHmmaliAn 
metabolic level (Kleiber, 1932) More recent results confirm the raotabohc 
Bimilanty of these two groups of homeothenns From data published by Dukes 
(1937) one may calculate that the metabolic rate of hens is 73 kcal per kg 
A. rule of body sue and metabolic rule, very similar to that for mammals and 
birds, has also been noted in heterotherms such as the crab by Weymouth and 
his co-workers (1944) 

The discovert op the burpace law Ihe metabolic rate (heat production 
per umt of time), m particular the basal metabolic rate of humans, is generally 
expressed m lolocalonea per square meter of body surface This procedure la 
based on the theory that in animals of different body sue the metabolic rate is 
proportional to their respective surface areas This theory, called the surface 
law, IB now a httlo over a century old It has its roots in the time when a 
vigorous belief m the power of reason inspned men to explain nature’s aims and 
means. A good deal of a new theology was then evident m teleological scientifio 
disoussiona. A theology m which Nature, as a bnght goddess, revealed her aims 
and ways to a scientist as a more stem and sombre lord had revealed His aims 
and wishes to the nonscientifio or anUsclentific pnests 
Samis, a professor of mathematics, and Bameaux, a doctor of medicine and 
of science, both m Strasbourg, had Thillaye read a thesis to the Royal Academy 
of France during its meeting of July 23, 1839 
The authors apparently take it for granted that it is nature’s aim to make 
the- rate of heat production of large and small animals m proportion to their 
respective surface areas or the 2/3 power of their body weights They then 
calculate how nature achieves this aim by modulating the frequency of heart 
beat and the stroke volume, always choosing the middle way between two possi 
bilities Their basic theory is worth being quoted (p 1098) “Lorsque la nature 
peut attaindre un but par plusieura moyens, elle n’emplole jamais exclusivement 
I’un d’eux jusqu’aux hmites, die les fait concounr de mnmhre que chacim de ces 
moyens tend & produlre une part dgale de I’effet total ” 

(When nature can achieve an aim by -various means she never uses one of 
these means exdusivdy to the limit, she makes these means compete so that 
each one of them produces an equal part of the total effect ) 

Bergmann and Leuckart (1866) concluded from measurements of Bcgnault 
and Reisot that the metabolic rate per umt weight -was especially great for small 
animals In four days sparrows consumed as much exj-gen as they weighed. 
This today -would be considered a very high metabohe rate, about four times as 
high as the rate observed m a sparrow by Benedict (1938) Richet (1889) dis- 
covered "aprhs coup,” that is empirically, that the metabohe rata per unit weight 
of rabbits mcrcased consistently as the body weight decreased (p 220) 

The metabohe rate per umt surface area, however, was unaffected by body 
sue, so Richet conduded that, for metabdic rate, surface area was more impor 
tant than body weight Slmultaneouslj Rubner (1883 dt by Krogh 1910, 
p 133) noted a systematic decrease of tho metabdic rate par unit wei^t 6f 
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fastmg dogs as the weight increased from httle dogs of 3 kg to big specimens 
of 31 kg body weight 

When the metabolic rate wns expressed per square meter of body surface, 
however, the effect of body size disappeared From this and similar observa- 
tions, Rubner deduced his simple rule that fasting homeotherms produce daily 
1000 kcal of heat per square meter of body surface 
Eichet’s and Rubner’s mtraspecific observation of the surface law was con- 
firmed by mterspecific comparisons The best known table showmg this surface 
law of metabolic rate is that published by Voit (1901) A 441 kg horse produces 
over ‘948 kcal daily per square meter of body surface, a 64 kg man 1042, a 16 kg 
dog 1039, and a 2 kg hen 1008 So well estabhshed appeared the surface law 
that data which did not confirm it were either explained by particular conditions’ 
or discarded as results of faulty measurements Thus Lee (1929) suggests that 
Mitchell’s rat surface is too high because it makes rats disobey the surface law 
The "true” bodt surface area Large and small bodies of similar shape 
have surface areas m pioportion to the squares of their hnear dimensions or the 
2/3 power of their volumes If the two bodies have also the same density, 
then their surface areas are also m proportion to the 2/3 power of their weights 
In this general way Samis and Rameaux understood the surface area of am- 
mals Richet apparently preferred a definite surface that could be visualized 
He calculated the surface area of his rabbits from their weights assunung they 
were spheres with a density of 1 kg per hter The surface area of such a sphere 
is 4 84 square decimeters when W is the weight in kilograms 

Considenng that the animals are really not spheres, Meeh (1879), working 
imder "Vierordt, substituted in Richet’s formula for the factor 4 84 a term, k, 
which is constant only within a group of similarly shaped animals but differs 
accordmg to the shape of the animal 

By measuring anunal surfaces and weights one may detenmne the Meeh con- 
stant empmcally and then calculate the actual surface of similar animals as 
S = K "FP^, where W is the body weight in kilograms and S the surface area 
m square decimeters A set of Meeh constants is given by Lusk (1928, p 123) 
The surface of man averages 12 3 square decimeters per umt of the 2/3 power 
of body weight (kg ’’/*) For shm people the Meeh constant would be higher 
than this average, for stout people lower Du Bois and Du Bois (1916) de- 
veloped a formula which allows calculating the actual surface area of stout and 
slim human bemgs more accurately than does the Meeh formula 
Du Bois' formula reads 

S = 7184TP‘“L®”® jS = Surface area m cm ^ 

W = body weight m kg 
L = body length m cm 

It is probably the best method of estimating the “actual” surface area of man 
Du Bois’ formula is dimensionally correct and is therefore vahd for any size, 

’ Rabbits produced daily only 776 kcal of heat per square meter , subtraction of their ear 
surface, however, brought their metabolic rate up to the more legal level of 917 kcal 
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as it should be (Dimensionally correct means that the surface area is expressed 
in terms of the 2/3 poirer of tho volume or in the square of the linear dimen 
Sion) 

Since for similar bodies L is proportional to the mean iinear dimension, TTio Du Boil 
formula for comparison of large and amall humans of the eame relative stature may be 
written as 

B - iilT*-" iiiyios* i» which amounU to t. i, IT (•■“ + •■•«) or t.t, 

Some later formulas for the calculation of surface area from the weight are 
dimensionally incorrect, such as the Moulton formula for cattle m nhich the 
surface area is proportional to the 5/8 power of body weight, and particularly 
the formula used by Ritiman and Benedict (1931) for calculating the surface 
area of sheep as proportional to the 0 661 power of body weight Tho formula 
may have expressed the surface area of the sheep used for the measurements but 
it IS theorobcally mcorrect for two ammals of similar form which differ m siie 
(but have the same surface per kg The Eitiman Benedict formula would 
predict too small a surface for the larger of two animals with simllnr build 

Many methods have been invented for measunng the surface area of animals 

In their eagerness to refine the surface measurements, many workers m this 
field seem to have o\ erlooked a major question “What is meant by the surface 
area?” Unless this question can be answered delimtcly, how can one decide 
which of two methods measures the surface more accurately? 

One should obviously know whether or not the “true” surface of n rabbit is 
to mclude the surface area of the rabbit ears (see Benedict 1934) As long as 
this question is open, which means an uncertamty of about 20 per cent, what is 
gained by refinmg the surface measurements to an accuracy of one per cent? 
Accordmg to Lee’s (1929) (see p 614) argument the true body surface is the 
one that makes an animal's metaboho rate obey tho surface law I 

Kleiber (1932) pointed out that tho various refinements of surface measure- 
ments and calculations, instead of olarifymg issues, led to a more and more 
chaotic situation 

A great many published results of good wort on metabolic rates are pracbeally 
lost for comparative physiology because they are expressed only per umt of 
surface area, and the authors did not fiirmsh the data which would make a 
comparison with other work possible It was stated that the surface area was 
not well enough defined to serve as a basis for measurement, and, foUoinng 
Krogh’s (1916) suggestion, and in agreement with Stoeltmer (1928) and Brody, 
Comfort and Matthews (1928), a power function of body weight was suggested 
as the basis of metabohe body sire. The 3/4 power was proposed as the best 
fitting function (Kleiber, 1932) 

Smee then tho situation has not improved In the Annual Review of Physi 
ology (IQeiber, 1944) alarm is again expressed as follows 

“In 10 papers (from 8 laboratones) studied for this revnow metabolic rates of 
rats are expressed per umt of tho surface area Four of the 10 authors did not 
state how they measured or calculated this area One multiphed the 2/3 power 
of body weight (in kg ) by 7 42, another by 9 1, a third by 10, to calculate the 
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surface area m square decuneters Oiie author multiplied the 3/5 power of 
body weight by 12 44, and two have calculated a new surface-weight relationship, 
presumably by an mtncate loganthmic interpolation between three older ones 
7 42 X 11 36 and 12 44 That — ^for rat metabolism only- — is 

this year’s result of a century of surface law ” 

For man, the formula of Du Bois seems to be so generally accepted that the 
reports do not differ as widely as do those of rats, and chmcians may not have 
the time to develop new surface formulas for every new paper they publish 
But also with human metabolism the valuable fruit of years of tremendous work 
cannot be used properly for comparative phj^iology, because the results are 
reported only in terms of the Du Bois surface without the data (height and 
weight) which would make a recalculation of the onginal results at least possible, 
even if extremely time consuming 

The comparisons of metabohc rates merely on the basis of surface area may 
be all a clmician wants For comparative phsrsiology more basic data are 
necessaiy 

In the mterest of economy m research, physiologists should agree on mimmiim 
requirements for pubhcation of metabohc data, and among those should be 
body weight and either total metabohc rate or metabohc rate per umt wei^t 

Theoretical validity op the surface law A The various iheones of 
surface law The theories advanced for the mterpretation of the surface law 
of animal metabolism may be classified mto 6 major groups 

The metabohc rate of animals must be m proportion to then- body surface 

1 Because the rate of heat transfer between animal and environment is propor- 
tional to the body surface area 

2 Because the mtensity of flow of nutnents, m particular oxidizable material 
and oxygen, is a function of the sum of iniemal surfaces which m turn is propor- 
tional to the body surface 

3 Because the rate of supply of oxidizable material and oxygen to the tissues 
is a function of the mean mtensity of the blood current, which is proportional to 
the square area of the blood vessels, which m turn is proportional to the area of 
body surface 

4 Because the composition of the animals is a function of then body size 
The composition may be meant either anatomically the larger the animal the 
lower IS the ratio of the mnas of metabohcaUy active organs to the mass of metaboh- 
cally mert organs, or the composition may be meant chemically the larger the 
animal the lower its perceijtage of “active protoplasm” 

5 Because the cells of the body have an inherent requirement of oxygen con- 
sumption per umt wei^t, which is smaller the larger the ammal 

B Critique of the theories of surface law 1 The heat transfer theory is the 
most convmcmg of the five mterpretations of the surface law If homeothennism 
has survival value, and if the rate of heat transfer per umt surface area of large 
and small bodies is equal, then the surface law may be understood as the result 
of natural selection 

Acceptmg for the sake of the present discussion the biological advantages of 

'U/v/l’TT rvno TYlttV Afllc flCCUTflrtC IS th© 
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postulate Uiat the rate of heat transfer per unit of surface area of larEe and nmnll 
bodies IB the same?” 

The rate of heat flow of a body covered by an insulating layer may bo formu 
lated according to Fourier (Mach 1919, p 84) 


where g ■= rate of heat flow, S “ surface area 

L = thickness of the covering layer (skin and fur) 

Ti => internal temperature 
T, = temperature at the surface 
X ■=■ heat conductivity 

In animals the heat conductivity, X, of the body covering, and its thermo- 
conductive thickness, L, are rather hard to measure and are, furthermore, van 
able, smce the depth of the layer with a temperature gradient is under vasomotor 
control To simplify the problem, one may define the ratio L/X ” r as the epe- 
afio insulation of the animal covermg and wnte Founer’s law as follows 
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For a given difference between internal temperature and surface temperature, 
the rate of heat transfer is proportional to the surface area when the specific 
insulation for large and small bodies is the same The specific insulation of 
animalB is, however, variable 

The clasdcal demonstration of this fact is the expenment of Hoesslm (1888) 
He reared two littermate dogs, one at 32”, the other at 6”C The latter had to 
cope with a temperature difl'erence between body and environment six times 
ns great ns the corresponding difference for his brother Yet the metabohc 
rate of the dog in the cold was only 13 per cent higher He solved the problem 
of keeping warm by growing a fur that weighed three times as much as that of 
his brother 

In the same animal and withm a short time, the specific insulation may be 
reduced to 1/2 when the animal is transferred from a cold to a warm environ 
ment (Kleiber, 1932) Instead of mamtaimng the metabolic rate per umt sur 
face area constant largo and small amraals therefore mi^t mamtain a constant 
metabohc rate per unit weight, and with a variable specific insulation adapt the 
rate of heat loss to that metabolic rate 

The range withm which the specific insulation can be changed is, howoier, 
limited One may calculate (1 c., p 327) that a 60 gram mouse with the same 
metabohc rate per umt weight as a steer, would need the eqmvalent of a steer’s 
surface covering m a 20 cm thick layer to mamtain its body temperature m an 
environment of 3°C This rather extreme example illuatratca why it is advan 
tagoous for a small animal to have a higher metabohc rate per unit weight than 
a largo arnmal One can similnrly show why at a high environmental tempera 
tuie, for the prevention of overheating, it is advantageous for a large animal 
to have a low er metabohc rate per umt weight than a small animal 
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Considerations of heat transfer thus make the assumption reasonable that 
natural selection would weed out such representatives of cattle and rats tnat 
insisted on hanng the same metabohc rate per umt body weight These con- 
siderations however do m no way support the hypothesis that the metabohc 
rate of animals should be stnctly proportional to them exact body surface, and 
that the results of metabohsm studies would be more accurate and more rehable 
the more accurately one measured the “true” surface area of the animals 

2 The theory of internal surfaces as mterpretation of the surface law would be 
vahd only if the size of cells (or alveoli m the lungs as recently referred to agam 
by Gaija, 1946) were proportional to ammal size, if, m other words, elephants 
were made up of the same number of cells as mice This logical prerequisite for 
the theory of mtemal surfaces does not seem to be supported by histology 

3 Attempts have been made to derive an mterpretation of the surface law 
on the basis of hlood circulaiton The difference m the oxygen content of arterial 
and venous blood is mdependent of body size The rate of oxygen consumption 
IS therefore proportional to the mtensity of the blood current, as already postu- 
lated by Sarrus and Rameaux (1839) This current mtensity is the product 
of the Imear velocity and the cross section area of the duct Hoesslm (1888) 
declared that the cross section area of the aorta is proportional to the 2/3 power 
of body weight and the hnear velocity is mdependent of body size, that conse- 
quently the mtensity of the blood current is proportional to the 2/3 power of 
body weight, which is a measure for body surface That the squam area of the 
aorta should be proportional to the 2/3 power of body weight, appears sound 
apphcation of the prmciple of similanty Why, on the other hand, the same 
Imear velocity of blood flow m the aorta for large and small animals 'jhould have 
particular survival value is not qiute clear (See Kleiber, 1932, p 332 ) 

More convmcmg support of a cuculatory mterpretation of the surface law 
is gamed by postulatmg, on the basis of the similarity pnnciple, that heart 
volume or stroke volume of large and small animals should be approximately in 
proportion to their body weights ® On mechamcal grounds the assumption 
seems reasonable that the heart of a horse cannot beat ivith the frequency of the 
heart of a mouse The mtensity of the blood current (stroke volume tunes 
frequency of heart beat), theiefore, should increase less than m direct proportion 
to mcrease m weight 


f •= / r, where I *= intensity of blood current, f •=> frequency of heart beat and v ■= blood 
volume per heart beat If the stroke volume is proportional to body weight, v then, 


J = / kW, and the Intensity per imit weight ^ 

To explain the Surface law, the intensity of the blood current should be propK>rtional 
to the 2/3 power of body weight, and, therefore, the frequency of heart beat should be in- 
versely proportional to the cube root of body weight (/ = ^ 

From data given by Rihl (1927) for norma! pulse frequency of vanous animals rangms 


* The similanty is actually not quite stnct Clark (1927, p 72) concludes 
specific companson that heart weight vanes with the 0 9 power of body weight The ear 
w eight per umt body weight has thus the tendency to become smaller the larger the am 
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rabbtta to eleph&nta, ono m^y deduce the role thftt the piilBo frequency ie inyereoly proper 
tional to the 4th root of body weight (The puUe frequency !■ on the ayerage ISO T7”^* 
If W is given In kg ) 

Considering heart t olume and pulse frequency one may therefore be satisfied 
that, from the point of viet\ of oxygen transport, it is ad\’antagoous for large 
animals to have a lower metabohe rate per unit weight than small animals 
Obviously, this consideration does not lend support to the hypothesis that the 
metabolic rate should be stnctly proportional to the *‘true” body surface, 

4 There appears to be very httle evidence m support of the idea that tho 
chemteal componUon of animals changes eystematacally with body sue, so that 
the surface Ian can be understood on the basis of chemical composition Tho 
concept of “motabohcally active protoplasm” seems to be too vague for dis- 
cussion, It seems that the acti\ity of tho protoplasm is determmed by the 
metabohe rate, and what would then be gamed by explaining, m turn, the 
metabohe rate on the basis of active protoplasm? The measurement of the 
nucleo-protoplasmic mass seems to offer on mdependdht determination of active 
protoplasm, but Landeman (1943) failed to find a correlation betu’cen nucleo- 
protoplasmic mass and rate of oxygen confaimpUoD of the retina 
The concentration of respiratory cniymea, especially cytochrome c, may bo 
related to metabolic rate (Rosenthal and Drabkm, 1943), hon*e\er this concen 
tration itself, and particularly the activity of the ensymes probably is imder 
tho influence of regulators, especially the ondoenno system (See Barron, 1943 ) 
Enryme concentration and enayme activity may thus offer a vahd explanation 
for the metabolic rate of tissues but in regard to body siic and metallic rate, 
ensyme concentrations and actintj call for further explanation on the 
organismic le\cl 

A good deal of speculation has centered around tho anatomical composition 
as an explanation of tho surface law 

Drcycr, Raj , and Walker (1910, p 168) advanced the theory that tho blood 
volume of animals ^ra8 proportional to their surface areas On tho basis of the 
verj data from ^Ndiich these authors drau this conclusion one maj demonstrate 
that, m general, the blood volume is more nearly proportional to body weight 
tlian to body surface (Kleiber, 1932, p 329) 

In direct opposition to the conclusion of Drejer, Ray and Walker, furthermore, 
IS a later obsenation by Gibson, Ivelloy and Pijoan (1038), who noted that in a 
senes of dogs tho blood volume per kg body weight increased from 84 cc /kg 
m 6 kg dogs, to 07 cc Ag m 30 kg dogs 
Sweepmg conclusions, on the basis of measurements on limited material, are 
often misleading 

Brodj, Comfort and Mathews (1928 p 33) made the following statement 
“The weight of the kidncj, the weight of the h\er and practically tho weight of 
the lung, blood, stomach, and intestine increase dircctlj witli the body wci^t 
nt tho same rclati\c rate as docs the surface 
This statement presumably led to the following sentence bj Benedict (1938, 
p 206) 
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“Our conclusion is, therefore, that if the brain weight is closely related to the 
heat production among ammals other than the pnmates, this is m large part 
due simply to the general morphological development m proportion to the two 
thirds power of the body weight shown by innumerable body structures ” 
Before such generalizations are announced, they should be tested rationally 
by apphcation to extreme cases This can be done with the allegation that the 
blood volume is approximately proportional to body surface 
Accordmg to Lmdhard (1928), the amount of blood m man is about 5 per cent 
of the body wei^t If the statement of Brody et al or Dreyer et al were gen- 
erally correct one would have to conclude from the blood content of a 70 kg 
man that 49 per cent of the body of a 70 g rat would be blood — mdeed a 
bloody rati 

The foUowmg calculation similarly illustrates that one should be cautious 
when one derives a general quantitative rule from the tendency, that large ani- 
mals have relatively smaller brains than the small animals 
A 5 4 ton elephant had a bram of 7 6 kg (Benedict, 1936) The bram weight 
amounted, thus, to 0 14 per cent of the body weight If the bram weight 
(m non pnmates) were proportional to the 2/3 power of body weight, the bram 
of a 6 4 gram shrew would amount to 14 per cent of its body weight, or that 
of a 100 gram rat to 6 per cent of its body weight, which is about 3 tunes as much 
as it actually weighs (Donaldson, 1924) 

There seems to be a general tendency for the larger ammals to economize on 
bram weights, as J B S Haldane (1946) pointed out m his stimulatmg essay 
(“On bemg the nght size”), but what he observes withm a group of Fehdae from 
cat to tiger can not be regarded as a general quantitative rule If generally the 
weight of the bram were only doubled whenever the body weight is quadrupled, 
or in other words, if the bram weight were proportional to the square root of body 
weight, then, startmg down from the elephant with a bram weight of 0 14 per 
cent of its body, one would conclude that one-third of a 100 gram rat should 
be bram Similarly, if Dubois’ (cit by Weber, 1923, p 161) formula, makmg 
bram weight a function of the 6/9 power of body weight, were generahzed, the 
100 gram rat would have to have a bram weight of 18 grams Neither Dubois 
nor Haldane can be accused of generalizing the bram weight-body weight rela- 
tionship so much as to mclude the comparison of rats and elephants Such 
generahzation is, however, made when this relation of bram weight to body 
weight is used to explam the surface law of metabolic rate, because that law 
mcludes comparisons of rats with elephants 
The idea that the surface law of metabohsm can be explamed by the anatomical 
composition of the animal has been advanced especially by Blank (1934), and 
by Kestner (1934 and 1936) who made the followmg statement “Hence I 
conclude that the relative sizes of the brains and the large glands can give a 
complete eiqilanation of the different heights of metabohsm of different animals ’ 
In support of this idea Kestner gives the ratios of bram weight to body weight 
of large and small dogs A dog of 40 kg, for example, weighs 400 times as much 
as its bram A dog of 5 kg, however, weighs only 26 times as much as its bram 
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Bj calculating from these data the abeolute weight of the brains we would 
be led to the somewhat surpnsmg result that the bram of the mnnll dog weigdis 
200 grams, that of the large dog only 100 grams 
To support hiB pomt that higher metaboho rates of the smaller nniTanls are 
explainable by their greater relative bram sue, Kestner states that the bram 
WBig^it of a 3 kg dog is about 60-80 grams whereas that of a rabbit of the same body 
wci^t IB only 10 grams This campanson,however,far from supportmg Kestner’s 
theory that the bram weight dominates the metabohc rate, to the contrary is 
very good evidence against this theory Despite the great differences m relative 
bram wei^t noted by K estner, the mean metaboho rate of rabbits is only about 
10 per cent lower than that of dogs of the same size (see table 1) 

It is generally accepted that primates have exceptionally large brains K 
bram weight dominated metaboho level, primates should have a particularly 
high metaboho rate Yet a group of college women with an average body wei^t 
of 64 8 kg (and an average brain wei^t of probably not much less than 1300 
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grams) had an average basal metaboho rate of 1224 kcal per daj, which b 
shghtly less than the correspondmg average of 1264 kcal per day for a group of 
female sheep with an average weight of 46 4 kg and a bram iveight of, pre- 
sumably, alxiut 100 grams (PAlsson 1940) 

6 Body sat and btsue mtiabohtm is a problem that is not yet satisfactorily 
solved In the paper m which Rubner (1883) demonstrated the surface law m 
the metabolic rate of dogs he wrote (p 650) 

"large and small dogs have a different metabohc rate, not because there are 
definite differences m the orgamration of their celb, but because the impulses 
originating m the skin from cooling stimulate the celb to metaboho activity ” 
The sum of these impulses, according to Rubner, is m proportion to the body 
surface 

later on Rubner accepted just the opposite view, deebring that the metabolic 
rate of the tissues b a fundamental chnraoterbtic of a species (Web, 1926) 
In 1026 Terromo and Roche derived from microrespiration tnab with excised 
animal tissue a hypothesb opposed to Rubner’s idea of genetically fixed coU 
metabolism They stated ‘ Homologous tissues of different animab have, m 
vitro, the same mtcnsity of respiration ” The metabolic differenoes of tissues 










522 


MAX KLEIBER 


of large and small animals disappear when the tissues are removed from the 
animal body These differences, therefore, are not located m the cells them- 
selves, but are imposed on the cells by central sj^tems representmg the organism 
as a whole, the nervous system and the circulatory system 

In the same year Grafe (1926), mdependent of Terrome and Roche, reached 
the same conclusion stating “The hvmg protoplasm of the warm blooded am- 
mals and maybe even of many cold blooded animals, shows, as far as respiration 
IS concerned, a certam uniformity, and gets its specificity only by means of the 
regulatmg S5^tem of the ammall” 

The tissues, accordmg to Grafe, respire at a higher rate m vitro than in vivo, 
particularly tissues of large ammals In vivo the metabohc rate of those tissues 
IS checked by the influence of the central regulators, mainly the nervous and 
endocnne systems 

There are a number of observations m support of this view Severance of the 
spinal cord mcreased the rate of mtrogen metabolism (Isenschmid, 1920) In 
hue with these ideas is also the observation of "Victor (1934) that ds^trophic 
muscles have mcreased metabohc rate m vitro Recently Houchm (1942) stated 
that normally tocopheryl phosphate acts as a brake on muscle oxidation, and 
that vitamin E deficiency lets the oxidation "run not” so that the muscle is 
“consumed m its own fire” and muscle dystrophy results 

The discovery of capillary regulation of blood supply to the tissues by Krogh 
(1929) led to a well rounded theory that the checkmg of metabohc rate m vivo 
was accomplished by ratiomng of the oxygen supply That was m contrast to 
Pfluger’s law (Pfluger, 1872), to be sure, but observations of Thunberg (1905) 
on lower animals, and of Verzdr (1912) on muscles, mdicated that PflQger’s law 
loses its apphcation at low partial oxygen tensions and that oxygen supply may 
become the limitmg factor m the rate of tissue respiration Recently Gaija 
(1946) noted that below a given critical partial pressure of oxygen the metabohc 
rate of homeotherms depends on oxygen supply Apparently, mdependent of 
body size, the limitmg partial oxygen pressuie amounts to about 90 mm Hg 
This corresponds to a barometnc pressure of 460 mm Hg or an altitude of 
4000 meters 

That the metabohc rate of animals was by no means a genetically fixed con- 
stant, but was decidedly affected by somatogemc factors, was demonstrated by 
Kleiber and Cole (1939) who measured the metabolic rate of giant rats produced 
by mjection of growth hormone The metabohc rate, either per umt weight or 
per umt of the 2/3 power of weight, was lower m the growth hormone rats than 
m normal htter mate controls This rate could therefore not be a genetically 
fixed charactenstic of the tissues (being changed by the somatic influence of 
growth hormone injection) This result was m hne with the ideas of Terrome 
and of Grafe IGeiber and Cole, however, observed also that the differences in 
the metabohc rates of giant gro^vth hormone and normal control rats could still 
be noted m the rate of oxygen consumption of the survivmg diaphragm m vitro 
This observation was m opposition to the results of Terrome and of Grafe 

Field, Beldmg and Martm (1939) succeeded m summating the metabohc 
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rates of excised rat tjssues in vitro to 66 per cent of the actunDj measured meta 
hohe rate of the rat Martm and Fuhrman (1941) similarly Bummated metabolic 
rates m vitro of dog tissues to over 70 per cent of the metabolic rate of the dogs 
These results support the idea that the rate of oxygen consumpbon of the tissues 
in vitro reflects the metaboho rate of these tissues m vrvo to a considerable 
extent 

Repea tmg the m\ estigations of Terrome and of Grafe, Kleiber (1941) measured 
the m vitro rate of oxygen consumption of liver shoes from rats, rabbits and 
sheep The metaboho rate per unit weight m vitro decreased consistently with 
increasmg sise of the animals, almost to the same extent ns the metabohe rate 
of the hvmg animal 

Recent microrespiration trials m our laboratory (Kleiber, 1947, unpublished) 
with excised hver of rabbits and cows again show that hver slices from cows have 
a lower rate of oxygen consumpbon per umt weight than the liver slices from 
rabbits 

Smyth (1940), on the other hand, reports that "observations by Van Heymn 
gen (1936) mdicate a uniformity in the rate of metabolism m the same tissue in 
different species irrespeebve of the ase of the animal " 

This result seems to be m hue with the theory of Grafe and of Terrome and m 
contrast to our findings A check of Van Heynlngen’s figures, however, indicates 
that only anaerobic glycolysia of brain cortex was mdependent of bodj size 
For respirabon, the effect of body siie on tissue metabolism was similar to our 
results. 

The toUowmg working hypothesis seems justified Hie anima l as a whole 
responds to changes m eomabc conditions Reactions to such changes are trans- 
mitted to the tissues by centralized metabolic regulators such as the nervous 
and the endocrine systems. These regulatory influences produce changes in 
the metaboho conditions of the cells Among these conditions, which determine 
cellular metabohe rate, may be structural relations, electncal potentials, ion 
concentrations, and the concentrations of oxygen, metabolites and enzymes 

The observation that metaboho rates m vitro are similar to those m vivo sug- 
gests that the conditions which detemune the rate of cell respiration change 
but slowly, this would bo expected of changes in concentrations of enzymes and 
metabolites. 

Since oxygen supply should not affect the oxidation rate in vitro, the sum 
larity between m vitro and in vivo metabolic rate throws doubt on the theorj 
that tissue metabolism normally is regulated by rationing the oxygen supplj 

The observation that the metabohe rate of tissues m vitro is similar to the 
correspondmg rate m vivo. Is sometimes interpreted to mdicate an inherent 
metaboho level of the tissues K the statement means that the rate of tissue 
respiration is mdependent of somatic influences, then it is wrong, if it means 
that genetic factors are involved m the metaboho levels, then the correctness of 
the statement is hardly m doubt One may be able to breed strains of rots 
with a hl^, and strains of rats with a low metabohe level under quasi equal 
environmental conditions There may bo genetically determmed limitations 
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e extent to which cell metabolism reacts on changes produced m the cells 
3 metabohc regulators The demonstration of genetic factors m metabohc 
however, helps but httle m the mterpretation of the fact that the metabohc 
er umt weight of a 5 3 kg rabbit is practically the same as that of a 6 6 kg 
•ut differs significantly from that of a 1 5 kg rabbit, as m turn the metabohc 
3er umt weight of a 26 kg dog differs significantly from that of the 
; dog 

5 results of Terrome and of Grafe on metabohc rates m vitro were not con- 
I later, yet an essential part of their theory is soimd, namely, the idea 
he metabohc rate of the tissues m vivo is controlled by central regulators 
entmg the animal as a whole 

m fetal metabohc rate seems to be under the influence of the maternal 
)ohc regulators (or perhaps a combination of maternal and fetal regulators) 
iber. Cole and Smith (1943) measured the metabohc rate of rat embryos 
ro, and obtamed good evidence against the theory that a fetus behaves, 
)ohcally, like an independent small homeotherm The fetal metabohc rate 
Qit moist weight was of the same order of magmtude as that of normal 
rats, and considerably smaller than that of newly bom or 12 day old rats 
s observation, hke others mentioned, favors the idea that, to a considerable 
3, cellular metabohc rate is adapted to the condition of the animal as a 
The effect of the metabohc regulators, however, appears to remam m 
ssues that are removed from the animal and respire m vitro 
i analysis of these factors controlling the metabohc level m vitro and m vivo 
rs to be a most fruitful field for future research on tissue metabolism 
Integration of valid theories on surface law Of the five groups of mterpre- 
s of the surface law, the one on mtemal nutntive surfaces has no evidence 
favor The one on composition of the body has no explanatory value 
ame is true for the explanation with a genetically fixed metabohc rate of 
cells, even if this postulate as such were acceptable, because the problem 
[ arise why have those animals been selected for survival whose cells have 
herent metabolic rate such that the metabolic rate follows the surface law? 
i theones that relate the surface law to rate of heat transfer, and those that 
it to the hemodynamics, have most value for the mterpretation of the 
e law The most promismg theory of body size and metabolism integrates 
lat exchange and the circulation theory 

natural selection, those animals probably prove to be the fittest whose 
ire adapted to such a level of oxygen consumption that the metabohc rate 
animal is most suitable for the mamtenance of a constant body tempera- 
nd m hne with the most eflScient transport of oxygen 
our ton animal, whose cells insisted on a rate of oxygen consumption per 
veight equal to that of mouse cells, could not survive, because such a 
)ohc rate could not be supported by the circulatory system and would 
the mamtenance of a constant body temperature 

i surface law is unrehable mainly because the defimtion of an animal's 
e IS vague But even if the surface area could be defined and measured 



BOmr BUB AKD MBTABOLIC RATE 


526 


acourately there is no theoretical basis for the hypothesis that the metaholio 
rate of homeothenns should be exactly proportional to their particular surface 
area rather than to a more general function of body sue 
EMrmiCAn vauditt op bdbface law Between the efforts of the gadgeteers 
to design apparatuses for surface measurements, the statisticians to dcnve tor 
mulas for calculatmg “true" surface areas, and the theoretically mclined biolo- 
gists who discussed the proper interprotatJons of the surface law, rather few 
seemed to have been interested m the question as to just how reliable the surface 
law itself is 

Among the few that questioned rather early the vahdity of the surface law 
was one of the pioneere of vitamin research, F G Hopkins, who in 1912 wrote 
as follows 

" in the case of very young rata the demand for maintenance is more neariy 
determmed by the hve-weight than by the surface area It becomes of course 
smaller relatively to body weight as this mcreases but it falls off more slowly 
than the surface area would requrre ” 

Seven years later, Harris and Benedict (1919) concluded from their oxtensivo 
measurements on men and women that withm the human species there was no 
evidence for the surface law Du Bois (1927, p 202) however, malntamod that 
the data of Hama and Benedict confirmed the surface law 
The differences in sue among the material of Hams and Benedict were so 
small and the influence of factors other than sue so relatively large that the two 
opposmg deductions could both be made m good faith (compare pp 6S0 and 634) 
In an attempt to find the most sintablo unit of motaboho b^y site for eab 
matmg maintenance requirements and comparing metabolic rates of animals 
that differ m weight, Kleiber (1932) compiled results of metabolism measure- 
ments from American laboratories, listing 13 groups from 160 gram tmg doves 
to a 679 kg steer The surface law was confirmed insofar ns the metabohe rate 
per umt weight decreased systematically as the body weight of the anunals 
Increased The coefficient of variability per umt weight was 80 per cent, and 
that per unit surface area only 34 per cent This latter is still qmte high, and a 
comparison of some of the recent results with Voit’s table (1901) apparently 
indicates a trend of the modem Amencan animals to take the surface law less 
senously than the European animals in 1901 
There is a considerable positive correlation between body sire and metabohe 
rate per square meter of body surface 

The surface law, that is the theory that the motaboho rate per umt surface 
area of large and small animals is the same — or at least independent of sire — 
is therefore not etncBy confirmed by the recent matenal 
Metabolic hate ab a power punotion op bodt weioiit A Ltntar rclaiton 
Mtceen loganthm» of mciabolic rate and body weight. The regulanty m the devia- 
tions of the empirical results from the surface law justified the search for a func 
bon of body mto to which motaboho rate might bo more nearly proportional than 
to body surface Plotting the lognnthms of fastmg metabohe rate agamst the 
logarithms of body weight revealed a Imcar relation between these two TOnables 
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■With surprisingly small deviations from the mean trend For the ten groups of 
mammals, the standard deviation from the mean regression hne amounts to 
±0 03 logarithm umt, "which corresponds to a coefficient of variation of metahohc - 
rate from the mterspecffic mean of 7 per cent 

When the loganthm of metahohc rate is a hnear function of the loganthm of 
body^ ■weight, then metahohc rate is proportional to a given po'ner of hody 
weight ® The metahohc rate was more nearly proportional to the 3/4 power of 
hody weight than to either the 2/3rd power or the surface area of the animals 
(as derived for each group hy a special formula designed for the calculation of 
its particular surface area) 

Soon after the publication of these results, Brody and Procter (1932) extended 
a similar compilation of metahohc da'ta down to the mouse They used mostly 
figures accumulated m their oivn laboratory and noted that their result was m 
close agreement with that of Kleiber (I c , p 94) 

In 1938, F G Benedict published an extensive analysis of the great amoimt 
of valuable data on metahohc rates of various animals tested m the Carnegie 
Nutrition Laboratory by rehable methods imder rather well standardized 
conditions 

A chart (p 171) shov's the logarithms of the mean metabolic rates for 28 
groups of ammals plotted agamst the loganthms of the correspondmg mean 
body weights The ammals considered ranged m size from 20 gram nuce to nearly 
4 ton elephants A regression hne indicates the average trend, and Benedict 
notes “a most gratifymg straight Ime relationship between the total heat produc- 
tion and the body weight ” He ob^^oU8ly means the loganthms of these vari- 
ables He then contmues as follows “However satisfactory this relationship 
may be mathematically, this method of presentmg the data completely masks 
metahohc differences mthm species ” 

In answer to this lemark one may say that any mean of a group of data 
“masks,” that is, does not show, the differences between the single data, that 
has nothmg to do ivith loganthmic mterpolation If one wants to show the 
differences withm the species one may plot the loganthm of each mdividual 
metabolic rate agamst loganthm of the correspondmg mdmdual body weight 
In order 'to supply the reader ivith an estimate of the variability,, as a substitute 
for presentmg every single result, some of the more statistically minded biolo- 
gists state mth a mean also its standard error 

Benedict extends his accusation, statmg that loganthmic interpolation “dis- 
torts or obscures stnkmg differences betw^een the species ” Smce, however, a 
loganthmic chart m a scientific papei is piesented to readers who are presumably 
familiar -with loganthms, the accusation of distortmg or obscurmg can be 
discarded 

There is nothmg obscure about the fact that a loganthmic regression hne of a 
given set of data looks different, m general, from the correspondmg anthmetic 
Ime, and if this difference m the appearance of the two regression Imes be termed 

> If log M = log a + p log IF — (general equation for straight line) 
then M •= a TFr 
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distortion, one could call the nnthmetic line a distortion of the loganthmio just 
as wen as vice versa 

Benedict further beheves (p 172) that “the seeming eimilanty between the 
different species shown by this loganthmio chart is an artificial similanty ” 
It IS true that the conditions under which basal metabolism is measured are 
somewhat different from those under which animals normally live The condi 
tions under which the results discussed here are obtamed may therefore be 
classified as artificial, and it might bo argued that the metabolic rate of a rat 
m a sewer, or a cow m a bam, would be different from their melaholio rates 
measured m the artificial environment of a respuation apparatus, but that possi 
bihty has notlung to do with the question, whether or not the hneanty of the 
loganthms of metabohe rates as measured and the correspondmg body weights 
are real 'Whether or not such a relationship has physiological significance de- 
pends on the physiologist, the same as it depends on the listener whether he 
hears a symphony or merely a multitude of different sounds 
Benedict concludes his chapter on mterepccifio comparisons (p 179) with the 
following sentence 

' It seems, therefore, unjustifiable to apply mathematics to the pooled end 
result of the activities of millions of cells each highly differentiated, with different 
energy potentialities and actuated by different stimuli ” 

If this IS the way Benedict feels, one cannot help but wonder how he ever 
became mtercsted m conduotmg a respiration trial and why, furthennore, he 
even calculated means of groups of several of these pooled end results which 
mdeed is applying mathematics 

Admittedlj one maj find biological pubhcations in which data seem to be used 
merely ns material for mathematical exercises Admittedly, furthermore, some 
biologists leam mathematical tricks and tirelessli apply them, apparently with 
out bothermg to understand either the basis and limitations of their methods 
or the meaning of their results Publications onginatmg under such circum 
stances may have developed Benedict’s antagonism to the apphcation of mathe 
matics m biology The answer to such psoudomathcinatics m biology, however, 
is not less mathematics but good mathematics 

For the application of statistical methods the biologist finds an excellent 
review bvH L. Dunn (1929) with ten "don’t’s” and two “be sure of's ’’ These 
twelve commandments ought to be instilled mto every student of quantitative 
biology and phvsiology 

Benedict’s table 4 on p 176 (1938) contains an error which may lead to some 
confusion and is therefore mentioned here. The metabolic rates of the animals 
lighter than 1 kg seem to have been calculated por umt of the vanous power 
functions of body weight IF*”, IP'’, H'”’ etc , on the basis of the erroneous 
assumption that generally (weight mg)’ equals 100 (weight m kg)’ For 
p •= 2/3 the result happens to como out all right because 1000’'’ >» 100 but for 
all tho other powers that calculation is wrong obviously it would be wrong for 
p = 1, smee 1 kg contains 1000, not 100 grams Tho one kcal of heat produced 
daily by the 8 gram dwarf mouse amounts to 39 2 kcal per kg • ^ not 20 0 kcal 
as hated m the table mentioned 
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The great amount of material on metabolic rates, secured by reliable measure- 
ments m Benedict’s laboratory, and condensed to a loganthmic chart on the 
relation of body size and metabohc rate (Benedict (1938) p 171) is an excellent 
confirmation of Kleiber’s earher results (1932, p 321) The two regression hues 
expressmg the mean trends of these two sets of data are practically identical 
B Check wiih recent data To remvestigate the relation of body size and 
metabohc rate among mammals, J have compiled 26 groups of metabohc rates 
measured under apparently comparable conditions The animals were mature, 
m postabsorptive condition, measured m the range of metabohcally mdifferent 
environmental temperature, and at rest, or at least without abnormal activity 
No data were used that were already mcorporated m the earher study (1932) 
The basic data and the source of the material are given m table 2 
In figure 1 the loganthms of metabohc rate are plotted against the loganthms 
of body weight The results used for calculatmg the regression hne are indi- 
cated by dots m cucles, those that are not used m the calculation are marked 
with brackets 

The reasons for not mcludmg these data m the calculation are as follows 
The result of only one shrew is so far reported and it is questionable whether 
the conditions of measurement allow a direct comparison with standard meta- 
bohc rate of the other animals The Swiss mice were not m postabsorptive con- 
dition as mdicated by a mean respiratory quotient of 0 96 Dwarf mice and 
growth hormone rats have an abnormal endocnne system The result for swme 
was calculated from a mean net energy requirement for mamtenance The steer 
calves may be regarded as not yet mature and therefore their metabohc rate 
not stnctly comparable with that of the other groups of animals The conditions 
of measurement of metabohc rate of elephant, porpoise and whale are not stnctly 
m hne with the normal conditions of measurmg standard metabohc rates 
Unfortunately, a lot of valuable data on man could not be mcorporated m our 
chart because the results were given only per square meter of body surface 
This IS particularly true for the matenal of Boothby and Sandiford (1924), and 
the more recent findmgs of Young, Pittman, Donelson, and Kinsman (1943) 
For the 26 comparable results, the method of least squares leads to the follow- 
mg hnear regression equation 

log M = 1 83 -h 0 756 log T7 ± 0 05 
where M = metabohc rate of animal m kilocalones per day 

W = body weight m kdograms 

The regression coefficient of 0 756 ± 0 004 mdicates that for the 26 results 
compiled m our table, the metabohc rate is most nearly proportional to the 0 756 
or close to the 3/4 power of body weight 

The same mterpolation of the earher data (Kleiber, 1932) on ten groups of 
mammals leads to the equation 

log M = 1 87 -f 0 739 log TF ± 0 03 
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TABLE i 
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AnXAI. 

AUiatM 

MOt WT 

KSTiMuam 
ns DAT 

&« Bfttft oBed for ealeolfttion of refresaioQ lino 





ks 

4«I 

1 

Moose 


Benedict and Lee, 1036 

0 031 

3 e 

2 


Eleiber, unpoU 

0 2S2 

28 1 

8 

Guinea pig 

Benedict, 103S 

0 410 

35 1 

4 

lUbblt 


Tomme s^ Loria, 1086 

2 93 

167 

6 

Rabbit 



1 62 

83 

6 

BabUt 



2 46 

110 

7 

Rabbit 


R Lea 1939 

8 67 

161 

8 

Babbit 



4 83 

101 

g 

Rabbit 



5 83 

233 


Cat 


Benedict, 1938 

8 00 

152 

11 

Macaque 

Benedict, 1038 

4 2 

207 

12 

Dog] 



6 6 

288 

13 

Dog? 


OalTto 1942 

14 1 

534 

14 

Dt^ 



24 8 

876 

15 

Dog 


de Beer and Hjort, 1038 

23 6 

872 

16 

Goat 


Benedlot, 1938 

36 0 

800 

17 

Qdmpaiuee 

Brohn az^ Benedict, 1036 

88 0 

1090 

18 

10 

8heep 9\ 
fibeep 

Unoe and Peliee 1931 

46 4 

46 8 

1254 

1330 

» 

Woman 

UeElUnok, 1938 

57 2 

1368 

21 

Woman 

t/rwis. Biff and Duval, 1048 

64 8 

1224 

22 

Woman 

McOr^ W<Jf and Ba- 

57 0 

1320 




vousett, 1040 



23 

Cow 


Benedict and Bitxman, 

300 

4221 




1035 



34 

Cow 


Kleiber, Began tad Mead, 

485 

8166 




1045 



35 

Beef heifere 

Elriber, Goes and Gull 

482 

7764 




bert, 19S« 



26 

Cow 


Benedict and RiUman, 

600 

7877 




1036 



b Bmtft not oted for etloulftUon becnoM conditions not oompanblo 


8brew 


Morrison and Pearson, 

0 0035 

2 0 




1046 




Swiss mice 

V 8 Kavy Bee Unit and 

0 0105 

3 7 




Kleiber, 1944 




Dwarf mouse 

Benedict, 1938 

0 OOS 

1 


Rats (giant) 

Benedict, 1038 

0 400 

33 2 


Bats (growth hormone) 

Kleiber and Cole, 1039 

0 801 

28 6 


Swine 


Breirem, 1936 

160 

2678 


Steer calves 

Mitchell et al , 1040 

200 

8817 


Elephant 

Benedict, 1038 

3672 

49000 


Porpoise 

Irving et al , 1041 

170 

6768 


Whale 


Irving, 1041 

70000 

1 2 X 10* 
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The two bands, desenbed by the two regression equations with their standard 
error of estimate, could be distmguished only by extrapolation to animals weigh- 
mg less than 4 grams or more than 800 tons 
The figure shows the Ime by which the results would have to be represented if 
the metabohe rate were proportional to body weight, and also the hne which 
would summarize the results if the metabohe rate were proportional to the 2/3 
power of body weight (or approximately body surface) 

The Ime expressmg proportionahty of metabolic rate to body weight stays 
withm the band expressmg metabohe rates proportional to the 3/4 power of 



Fig 1 Log metabol rate/log body weight 


weight over a ratio of weights of 3 2 That means one would not be able to 
decide whether metabohe rates are proportional to body weight or proportional 
to its 3/4 power, unless the heaviest animals studied would weigh at least three 
times as much as the hghtest animals 

Similarly, one may calculate that a significant difference between propor- 
tionahty to the 3/4 power of body weight and proportionahty to the 2/3 power 
of body weight (representmg roughly the surface area), could not be established 
with groups of animals m which the heaviest animals weighed less than 9 times 
as much as the hghtest animals 

C Intraspecific comparisons Smee the differences m size have to be so con- 
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aderable to allow a significant decision of the question whether the metabolic 
rate ib more nearly proportional to the 2/3 or the 3/4 power of body weight, only 
a few species show great enough differences m mature weight for the establish- 
ment of the best fitting power function of body weight as basis for metnbohc 
body sue This is true, even though the vanabihty of metabohc rate for a given 
sue IS less withm a species than between spcoies 
In three species, namely, mice, rabbits, and dogs, the differences m sue are 
considerable, and an analysis of the relation between body sue and metabolic 
rate withm these 3 species seems more promismg than m the other species with 
more uniform sue. 

The regression Ime given for metabohc rate of mice (Benedict, 1038, p C6) 
as a function of them body wei^t, would indicate a best fitting power function 
of body weight for metabolic body sue 

A log metabd rate - 
A log body weight 

Benedict's hne seems, however, definitely affected by a group of 4 endocrmo- 
logically abnormal dwarf mice If wo estimate the line through the other results, 
the best fittmg power function would be 0 70 
The regressiou hne given for rats (1 c p 07) would mdicate that the rats intra- 
spcofically followed the surface taw *rheir metabohc rate would be most 
pearly proportional to the 0 67 power of body weight 
The resets of the 6 groups of rabbits reported by Lee (1939) may be repre 
sented by the following regression hne 

log 2f “ 1 763 -h 0 82 log If ± 0 09 

This mdlcates that m this population, metabolic rote is most nearly proportional 
to the 0 82 power of body weight, the range of body sue m these rabbits would, 
however, have to be about 4 times as great as it is to demonstrate a significant 
departure of rabbits from the hypotheslB that metabohc rate is proportional to 
the 2/3 power of body weight This range would have to be considernbly more 
than four times ns large to demonstrate that the mtrnspecific relation between 
metabohc rate and body sire m these rabbits contradicts the hypothesis that 
the metabohc rate is proportional to the 3/4 power of body weight 
The data on the 3 groups of dogs reported by Galvfio (1942) indicate proper 
tlonahty of metabolic rate to the 0 84 power of body weight, and smee the v an 
ability m this case seems rather small, the deviation from the surface law and 
even from the 3/4 power rule appears significant, so does the deviation from the 
hypothesis that the metabolic rate of these dogs is proportional to their body 
weight 

The result of Galvtto contradicts the one which can bo calculated on the basis 
of the matenal of Lusk, Kunde, and Steinhaua (see Benedict 1938 p 79) Select- 
ing from the regression Ime of this matenal, given by Benedict, the pomts for 
9 kg dogs and that for 18 kg dogs, one may conclude that the metabohc rate 
of these dogs is most nearly proportional to the 0,65 power of body weight 
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It IB of interest to note that ■within the two groups of animals m which an 
mtraspecific mvestigation of body size and metabohc rate appears most promis- 
mg, rabbits and dogs, the metabohc rate seems to be most closely related to ' 
a power function of body weight hi^er than the 3/4 This problem deserves 
more study Until there is a great deal more evidence for a difference m the 
mtraspecific and the mterspecific relation of body size and metabohc rate, the 
most rational temporary hypothesis is the one which is the simplest That is 
the hypothesis that the intra- and the mterspecific relations of body size and 
metabohc ra'te are the same The question is whether the relation found mtra- 
specificaUy should be assumed to hold also mterspecificaUy, or "vice versa The 
mtersiiecific denvation of the best smtable umt of metabohc body size seems, at 
present, the more reliable, because the great difference m size available by mter- 
specific comparison makes size so dominant over other factors 
At present it appears, therefore, reasonable to adopt for mtraspecific prediction 
of the metabohc rate the metabohc umt of body size found most smtable for 
mtersiiecific prediction, namely, the 3/4 power of body weight 
Metabolic boby size and prediciton of metabolic rate The metabohc 
body size is that function of size of animals to which the metabohc rate is pro- 
portional Once the umt of metabohc body size is established, then the meta- 
bohc rate can be predicted by multipl 3 nng the metabohc body size -with a given 
factor 

Accordmg to the surface law, the metabohc rate is proportional to the surface 
area The metabohc body size, consequently, would be expressed m square 
meters of body surface, and accordmg to Rubner’s rule, the daily metabohc rate 
m kilocalones is 1000 times the number of square meters of body surface 
Smce body surface is ill defined, the square meter of body surface is no smt- 
able umt of size, even though it undoubtedly offers the great advantage of bemg 
easily "visuahzed Admittedly, it is easier to talk of heat production per square 
meter than to talk of heat production per umt of the 3/4 power of body weight 
m kilograms 

The Du Bois surface (1916) as calculated from weight and height is well 
defined ■withm one species, but for comparison between man and rabbit, for 
example, one would have to rely agam on the ill deSned concept- of “true” body 
surface 

Attemptmg to avoid hypotheses, such as the surface law, and ill defined terms, 
such as the body surface area. Hams and Benedict (1919) denved their empirical 
prediction equations, namely, (p 227) 

for men h = -1-66 4730 + 13 7616W + 5 0033s - 6 7550o 
for women h = -1-655 0955 + 9 6634w + 1 8496s - 4 6766a 
h = total heat production m kcal per day, w = weight m kfiograms 
5 = stature in centimeters and a = age m years 
Erogh (see Boothby and Sandiford, 1924, p 80) has already cntioised these 

equations , 

That they allow an accurate prediction of the metabohc rate of men an 
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women omilar to the mateml studied by Harris and Benedict is not m doubt, 
but physiologically the equations are practically meaningless 

Imphed in these equations are several rather questionable assumpbons, 
namely, that the metabolic rate of a weightless woman is 10 times that of a 
weightless man 

Further, it is assumed that metaboUo rate is the sum of a Imear function of 
body weight, a Imear function of height, and a hnear function of age. 

Even though the Hams-Bcnedict equation deals with well defined quantities, 
such as weight, height, and age, Du Bois’ prediction, despite its conneobon with 
the ni defined concept of body surface, seems to be more acceptable to chmclans 
as well as physiologista because it has a rabonal physiological meamng Assum 
mg that the metabolic rate is proporbonal to the 3/4 power of body weight, 
Kleiber (1932) re-analysed the data of Hams and Benedict and developed the 
followmg prediction equabona 

for men V = 7112 X TF*'* (1 -f 0 004 (30-d) + 0 010 (S-43 4)) 

for women Af - OS 8 X TV*'* (1 -1- 0 004 (30-A) + 0 018 (5-42 1)) 

M ■=" tho metabolic rate in kilocalones per day 
W the body weight m kilograms 
A =■ the ago m years 

cenbmeters height 


5 " the specific stature in - 


The equabons have the following meamng the metsbohc rate of a man 80 
years of ago and with a specific stature of 43 4 cm /kg has a metaboho rate 
71.2 times his body weight m kilograms raised to tho 3/4 power A woman of a 
standard age of 30 and standard speoiflc stature for women (which is 42 1 or 
slightly less than that for men) has a metabolic rate of 66 8 per kg,*i‘ The 
rabo of 71 2 to 05 8 for the metabolic rates per unit of the 3/4 power of body 
weight of standard man and standard woman mdicates the effect of sex on 
human metaboho rate Tho second term in the parenthesis mdicates that m 
adult man tho metaboho rate decreases about 0 4 per cent of the metaboho rate 
of standard man for each year above (or increases for each year helow) the 
standard age of 30 

It might have been preferable to express this age effect m relabve terms, such 
as 0 12 Then the metaboho effect of age, expressed by the coefficient 0 12, 


would be more comparable with that m other animals with different standard 
age (Tho relation of relabve ages m different animals has been cxtcnsit'cly 
studied by Brody (1945, chapter 19) Human metabolic rate would change 12 
per cent per imit of relabve departure from standard age (that is per 30 years) 
The last term m the parenthesis mdicates that the mean specific stature (in the 
material of Hams and Benedict) for men is 43 4 cm per kg that for women 
42 Icm.perkgi'’ Each cenbmeterper kg,*'’ mcreasem specific stature produces, 
on the average, an increase of 1 per cent of tho metaboho rate of men, and of 1 8 per 
cent of the metabolic rate of women This suggests that the degree of slender 
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ness (specific stature) affects the metabohc rate of -women more than it affects 
the metabohc rate of men The equations of Kleiber predict the metabohc 
rate of human bemgs -with about the same accuracy as the empincal multiple 
regression equations of Hams and Benedict The major advantage of the newer 
equations is that all terms have a physiological meanmg 
Kleiber (1932) was somewhat vague about choosmg a defimte power function 
of body weight as the best basis for metabohc body size, and stated, p 336, “that 
further mvestigation may show that some umt other than may be prefer- 
able ” 

Brody and Procter (1932) ventured a more defimte formulation, namely 

M = 70 4TF'«4 

and Brody, Procter and Ashworth (1934) obtaimng exactly the same equation 
with a "widei range of animals, including elephants, were confident that this 
“equation approaches closely the true relation between basal metabolism and 
body weight of mature mammals ” 

This relation -was -widely accepted (for example, m Hbber’s book. The physical 
chemistry of cells and tissues, p 375) The National Research Council conference 
on energy metabolism (1935) endorsed the power function, after reducing it to 
tw 0 decimals (0 73), as the most smtable umt of metabolic body size There was 
some doubt as to whether or not the data available justified the change from the 
3/4 to the more comphcated 0 73 power, a change which implied that the second 
decimal of the exponent was sigmficant 
Taking mto account a coefficient of variation m metabolic rate per umt size 
of 7 per cent, one may calculate that there is no sigmficant difference between 
Brody's prediction and 72T'P^-‘ -withm a group of ammals ranging from a 10 gram 
mouse to a 16 ton super elephant Withm this range, there is thus not much 
point m discussing the question, whether the 0 734 power or the 3/4 power of 
body weight fits the metabohc results more closely * 

Recently, Brody (1945, p 373) dropped also the second decimal from the 
exponent and suggests that the 0 7 power be used as reference for basal metabol- 
ism measurements 

Our recent analysis favors again the 3/4 power of body weight as the metabohc 
umt of body size Aside from its empirical justification, the 3/4 power is prefer- 
able to either of Brody’s successive 0 734, 0 73 or 0 7 because it is mathematically 
simpler since it can be calculated -mthout loganthms ® 

The dady fasting heat production per kg was 

in 10 groups of mammals, 1932 71 db 1 8 Leal per kg 
m 26 groups of mammals, 1947 69 ± 1 5 kcal per kg 
together 

36 groups of mammals, 69 ± 1 2 kcal per Lg 

* The classification of the 3/4 power of body weight as the “Brody-Kleiber unit 
ther, 1944) nevertheless is confusing If these units have to be named according ^ 

At all, then Brody’s umt would be the 0 734, 0 73 or 0 7 power, and Kleiber’s the 3/4 power 
‘ can be easily obtained on a slide rule (extract the square root of the square roo 
of the cube of the body weight) 
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For all practical purposes, one may assume that the mean standard metabohe 
rate of mammals amounts to 70 times the 3/4 power of their bodj weight (in hg ) 
per day, or about 3 times the 3/4 power of their body weight (m kg ) per hour 
Body bee, food REonmEMENT and dosage op biotics Two animals may 
be regarded as being on the same level of food intake when their rate of intake 
of metabolisable food energy* is the some multiple, or the same fraction, of their 
standard metabolic rate 8mce the standard metabohe rate is proportional to 
the metabohe body size, or the 3/4 power of body weight, two animals may also 
be regarded as bemg on the same level of food mtake, when they oonaume the 
same amount of metabolisable food energy per kg 
Not onlj the requirement of food energy, but also that of protem and of most 
vitamins, may be espressed per unit of the 3/4 power of body weight, because 
these dietary requirementa ore dueotly related to energy metabolism (see renew 
by Kleiber 1946-40, p 207) 

For the dosage of drugs one should know whether or not the action depends on 
rcaclung a certain concentration m the blood stream without regard to its further 
maintenance In this case the dosage should be proportional to body weight, 
smee the amount of blood is proportional to body weight If, however, the 
action of the biotic depends on the mamtenance of a given concentration over a 
period of time, and if the rate of destruction or excretion of the biotic is propor- 
tional to the metabohe rate, then the dosage should be based on the metabohe 
body ase 

The treatment may be so arranged that doeea proportional to body weight 
are given and that the frequency of apphcation depends on body Hse, so that 
over a sufBcient period of time the rate of mtake is proportional to the metabohe 
body sire (the 3/4 power of body wei^t) In this case the frequency should bo 
inversely proportional to the fourth root of body weight ' 

If, for example, a 60 gram rat received one umt of a biotic dady, then to 
establish similar conditions under the assumptions made, a 600 kg steer should 
receive a dose of 10,000 umta every ten days 

Body bee and food otilisation The establishment of a metabohe umt of 
body sue is particularly advantageous for the investigation of food utilisation 

_ ,, , energy m animal product 0 

The quotient “ 77 

total food energy (J 

IS called the total efficiency of food utilisation It measures (as far ns that is 
possible m terms of energy) the success of animal husbandry 

* Motabolltable energy * bent of eombustlon of food minus heat of combustion of fccoi, 
urine and mothano 

7if 5 — nmotiut given at one time (dosage) 
f — frequency of application 
W body Ktlgbt 

then rale of intake / g " i g • it TT 

^ “ fc, TT 


contL 
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The quotient ^ is the partial efficiency It is m general dependent on the 

level of food intake, but the discussion in this 'chapter may be limited to the 
simplest special case, that m -which the partial efficiency is constant = e 
An animal needs a certam amount of food energy, U„, to mamtam itself 
■without gam or loss of body substance Only that amount of food energy con- 
sumed m excess of this maintenance requirement is available for production 
The energy m the animal’s production is, thus, the partial efficiency times the 
food energy available for production 

0 = e(U- U„) 

l 

therefore the total efficiency is 



The mamtenance reqmrement V„ is related to the rate of fastmg metabohsm, 
B The amount, B, of energy in body substance which the fastmg animal would 

lose, IS saved from being lost by the food energy Um The quotient yy- is there- 

fore the partial efficiency of food utihzation for mamtenance Assummg for 
simphcity that this partial efficiency is the same as that for production, then 

B TT B 

==- = € or (7„ = - 
Um e 

Introducmg this expression m the equation for total efficiency one obtains 



That means the total efficiency of food utihzation is the difference between the 
partial efficiency (charactenzmg the nutntive content of the food), and the ratio 
between the basal metabohc rate and rate of mtake of food energy This ratio 
charactenzes the capacity of the animal to take m food Partial efficiency of 
utilization of metabobzable food energy (b*) is related directly to the calongemc 
(or specific dynamic) effect of food, AQ 

AG , AQ 

W 

There is no reason to assume that partial efficiency depends on body size 
To the contrary, there is a good deal of evidence against such an assumption 
Chambers and Lusk (1930) and Eaton, CordiU, and Gouaux (1936) for example 
observed that the specific dynamic action of glycme, administered to dogs vary- 

mg from 5 to 13 kg , was mdependent of body size The ratio g- has been defined 

U 

as the “relative food level,” and if an animal eats to capacity then g may be 
termed the “relative food capacity” m terms of the basal metabohc rate 
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Since the basal metaboUo rate is proportional to the 3/4 power of body 
■weight (IF*'*) the term charactenies the relative food capacity of the animal 

m terms of metabolic body sise Adde from differences m partial efficiency 
that ammal is the better food utihser which has the greater relative food capacity 
The food intake per kg.*'*, and similarly the gam per kg "*, should be important 
charactensbos for selection in breedmg farm animals 
Smee there is no reason to assume that partial efficiency depends on body site, 
the question of food utihtation and body site is mainly a question of whether or 
not relative food capacity depends on body sue The simplest hypothesis is 
that the relative food capacity is mdependent of body sue Kleiber (1933), based 
on data obtained by himself and others, produced some empmeal evidence m 
support of this simple hypothesis By extensive experiments, Brody and his 
oo-'workers have confirmed this hypothesis for lactation (Brody and Proctor, 
1936, Brody and Cunningham, 1930) Brody and Nesbit (1038) reported that 
energetic efficienoy of rats (for lactation) is withm that of cows. The efficiency 
for mechanical work is the same for large and small horses (Brody and Cimmng- 
ham 1936) and for large and small men (Robinson, 1942) 

A corollary to the hypothems that total efficienoy of food utihration w mde 


pendent of body site, is the postulate that the relative rate of ammal production 
IS independent of body sue. The relative rate of animal production may be the 
rate of gain in body substance per kg •'*, the rate of mechanical work per kg •<* or 
the rate of nfilk production per kg.*'* (Kleiber and Mead, 1941, 1646) 

Haber's hypothecs does not, of course, exclude the poesibihty that there 
are good and bad food utilixeis. The meamng of the hypothesis is that the 
compansona of good and largo food utihteia with small and bad food utiUieis, 
or 1400 versa, should not be used to establish a relation of body size and food 


utilization. 


Sumlarly, one caimot directly compare young small animals with old large 


animals, e'ven though m some cases age may not affect the relative production 
level This is true, for example, for a considorable range m pigs. From figures 
given by Breirem (1939), one may calculate that the relative rate of gam for a 
20 kg pigi8l]2kcal per kg.*'*, that of a 100 kg. pig, 118 kcal per kg*'* 


BUMMABr AND CONCLUSIONS 

1 Among homcotherms, from imee to cattle, metabolic rate and body aizo are 
correlated This correlation is especially high when the metabolic rates are 
measured imder standard conditions. 

2 The metabolic rate of Urge and small homeotherms is more nearly proper 
tlonal to the area of their respeoUvo body surfaces than to then body weights. 
This rcUtionship is known as the surface Uw 

3 From five types of theorlea mterpretmg the surface Uw three are rejected, 
namely 

a. 'The theory based on the erroneous idea that the smnmated area of mtcmal 
surfaces, such ns the surfaces of the cefis and the pulmonary alveoh, is propor- 
tional to the surface area of the body The suniUnty m build of large and sWll 
sTilmaU cannot be extended to the dimensions of celU or alveoh 
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b Rejected also is the theory which bases the surface laii on alleged differences 
m the chemical composition of large and small ammals, involvmg such vague 
concepts as the “active protoplasmic mass” Neither does the theory which 
makes metabolic rate a function of anatomical composition stand the test Un- 
critical evaluation of empincal data has led to the ill conceived generahzation 
that the weights of the blood, the major glands and other organs are proportional 
to the 2/3 power of body weight or to the surface area Logical apphcation of 
this generahzation can lead to absurd results 

c The theory relating the surface law to an allegedly genetically fixed con- 
stant oxygen requirement of the cells, has rather httle value for a physiological 
interpretation of the surface law This theory, moreover, is m opposition to 
the well known fact that the metabolic rate of ammals is essentially affected by 
somatic conditions Furthermore, the metabohc rates of genetically closely re- 
lated homeotherms of different size differ more than do the metabohc rates of 
genetically very different homeotherms but vath the same body size Admit- 
tedly, the concepts of “genetically similar or different” may change m the future 
when the biochemistry of the gene is further developed 

4 Two of the five types of theones on surface law are basically sound, namely, 
the theory connectmg metabohc rate with rate of heat transfer and the theory 
relating metabohc rate to blood circulation These theones may be mtegrated 
into one as follows In natural selection^ those ammals prove to he beUer fit whose 
rate of oxygen consumption is regulated so as to permit the more efficient temperature 
regulation as well as the more efficient transport of oxygen and nutrients 

5 This theory does not postulate a stnct proportionahty between the area of a 
“true” body surface and metabohc rate Body surface area has been used m 
very valuable work on animal heat exchange (Rubner, 1902, Deighton, 1933, 
Winslow etal , 1934-39, Burton, 1934, DuBois, 1937, Hardy and DuBois, 1938) 
As a basBs for companng metabohc rates of large and small ammals, however, 
body surface area is not well enough defined The use of an ever mi-reasmg 
vanety of surface areas, even for the same species of animals, I'*d to an un- 
necessary and deplorable state of vagueness in comparative phv^iology of metab- 
olism 

6 Relatively recent results on homeotherms, rangmg from mice to cattle, 
mdicate that the metabohc rate per umt of the surface area is greater the larger 
the animal A Imear correlation between the logarithm of metabohc rate and 
the loganthm of body weight shows that metabohc rate is proportional to a given 
power function of body weight The metabohc rate divided by the 3/4 power 
of body weight is independent of body size 

7 The 3/4 power of body weight is therefore recommended as representative 
of metabohc body size, and “kg chosen as the sjunbol for the umt The 
body weight m kilograms, raised to the 3/4 pover, measures the metabohc bo y 
size of an ammal in kg 

8 The metabohc level of an ammal ma}'' be charactenzed as the metabohc rate 
per kg Under standard conditions the metabohc level of adult homeothemM, 
from mice to cattle, averages 70 kcal per kg per day or about 3 kcal per kg 
per hour 
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9 At present there seems to be no sufficient reason against tJie mtraspeciEc 
application of the 3/4 power rule of metabolic rate Modulatmg factors for age 
and specifio stature may be incorporated into prediction equations for human 
metabohc rate based on the 3/4 ponder rule Such equations arc preferable to 
the irrational regression formulas of Harris and Benedict, and they avoid the 
connection ^vith the ill defined body surface involved m the Du Bois prediction 

10 The unit of metabolic body size is useful for expressmg levels of food intake 
and of animal production, it is a sound basis for companng food capacity and 
production capacity of animals that differ in body size Relative food capacity 
(maximum rate of food mtake per Kg*/*) and relati\’e production capacity 
(maximum rate of production per kg •/*) should be among the most important 
criteria for selectmg efficient food utnizers The metabolic body size may also 
be useful m estimating dosage of biotics 

11 When the concepts concerned with the relationship of body size and 
metabolic rate are olanfied, and when not only the methods of measurement, but 
also those of reporting the data are sufficiently standardized, then comparative 
physiology of metabolism will be of great help m the efforts to solve one of the 
most mterestmg and mtneate problems of biology, the regulation of the rate of 
cell metabolism 

AcknenoUdgment I am grateful to A H Smith, graduate student in our de 
partment, for valuable assistance in the preparation of this review 
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Those drugs which are capable of diminishing or preventmg several of the 
pharmacological effects of histamme and which do so by a mechanism other 
than the production of pharmacological responses diametrically opposed to 
those produced by histamine may be termed htsiamtne antagonists or antihista- 
mine drugs Epmephrme and its congeners are not considered as antihistamme 
drugs, bemg excluded by definition smce they induce prominent effects such as 
bronchiodilatation, vasoconstriction, decreased capillary penneabihty, inhibition 
of mtestmal activity, etc , which represent the antithesis of those produced by 
histamme True antihistamme drugs, on the other hand, are able to antagomze 
histamme without ehcitmg pharmacological responses, or if responses are ehcited 
they do not appear to be of the type or degree n hich suggest an important causal 
relationship to the lustamme antagomsm Excitatory sympathomimetic 
activity IS not essential for antihistamme action since certam adrenergic blockmg 
drugs are capable of antagonizing histamme Use of the term “histammolytic” 
with reference to drugs which antagomze histamme has been cnticized (36) 
smce there is no evidence that the drugs referred to are capable of destroymg 
or neutralmng histamme 

In the present discussion, emphasis will be placed on those drugs which are 
potent histaimne antagomsts and which, from the evidence available, appear 
to act as blockmg agents with some degree of specificity as regards antihistamme 
action Pharmacological expenence reveals that specificity is relative and not 
absolute, the latter bemg rare or practically unattamable Atropine uid other 
antispasmodic drugs, epmephrme and related ammes, and certam ammo acids 
and denvatives of histamme are capable of antagomzmg some of the effects 
of histamme (for refs cf 78, 142, 160, 161) However, these compounds can 
be regarded as non-specific since their abihty to contract or relax smooth muscle 
and to antagomze acetylchohne, banum and other spasmogenic agents equals 
or exceeds their effectiveness in opposmg histamme 

The motivation for the development of antihistamme drugs undoubtedly 
came from the reahzation that histamme, omnipresent in tissues and able to 
produce diverse effects when minute quantities are hberated therefrom, possibly 
acts as a mediator or regulator of physiological processes and as a culpnt m 
certam pathological states Several reviews cite much of the literature dealmg 
with the questions concemmg the involvement of histamme m various physio- 
logical mechanisms (10, 43, 46, 166) Problems to be clarified mclude the r61e 
which histamme may play m mediating vasodilator nerve impulses (96), m 
altenng capdlary permeability (97, 102), m producing gastnc secretion (51, 
73, 87), pam (157), and reactive hyperemia (5) 
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Recent review's discuss evidence related to the question as to whether histamine 
is one of the factors mvolved in produemg certam manifestations in pathological 
conditions (10, 32, 43-46, 00, 149, 160, 100) Opinions concerning the rOIe 
of histamine m various types of innammatory reactions vary widely (13, 102, 
131, 160, 162, 153, 169) There is an obvious need for determmmg the extent 
to which histanune may be mvolved m radiation effects (13, 114), certain types 
of headache (106, 188), gastric and duodenal ulcers, traumatic bum and surgical 
shook (186), pruritus (26, 136, 169), responses to a variety of venoms (64, 94, 
160), and toxeimas of pregnancy In the latter condition, and during normal 
pregnancy, there is the possibihty that the metabolism of histamine and histidmo 
may be appreciably altered (3, 92, 93) Prei alence of allergio diseases and the 
evidence which suggests that histaimne accounts for some of the manifestations 
also cmphasirea the importance of the development of antihistamine drugs 
In 1940 and 1941, the extensive critical rmiows by Dragstedt (43, 44) and 
Feldberg (00) discussed the evidence which convincingiy supported the hy- 
pothesis that histaimne is hberated from tissues by the antigen antibody reaction 
and accounts for the important symptoms of anaphylaxis Likewise in allergic 
diseases, a variety of alterations m tissues and Ouids resemble the pharmacological 
responses to histamine and it is customary to consider the symptoms of allergy 
as resulting from an antigen antibody reaction Code (32), Rocha e Silva (149, 
160) and Dragstedt (46) have recently presented additional evidence in support 
of the contention that histamme plays a prominent rAle m anaphylaxis and 
allergy ‘ These authors were cognisant of the fact that the evidence was indirect 
and drcumstnntml All were aware of the need for additional evidence, even 
though mdireot in type. The minute amounts of hislamme which are capable 
of ehcitmg responses are probably not always detected by available chemical 
and biological methods 

Interest in antihistamine drugs is related to their use a, as pharmacological 
tools for differentiatmg between effects of histanune and those due to other 
agents, 6, as therapeutic agents to alleviate lymptoms duo to histamine, i e , 
m allergy and posably other conditions, and c, as diagnostic agents to aid in 
provmg or disprovmg that symptomatology is referable to histamine or to 
other causes 

The use of antihistamine drugs m elucidating these numerons problems 
obviously necessitates an adequate knowledge of their pharmacological and 
toxicological properties, mode of action, degree of specilicity, and m the absence 
of absolute specificity, a due consideration of other than antihistamine action 
The nntihistamme drugs herem discussed will bo identified before proceeding 
to a more detailed discusrion of pharmacological action and toxicity 
Fountfou compounds (8£9 F and 1671 F) 2-lBopropyl-6-methyIphenoxy 
othyldiethylamme (929 F) la a phenolic ether which is frequently designated as 
thymoxyethyldiethylomino. Following the prchminoiy reports from Doctor 

1 The faUtm to detect an elevated blood level of hlatamlne doea not negate ita Involve 
mentin tlaane reaetionaamoe It leavea the bloodatream with extreme rapidity (33,47, 165) and 
extraction methodi do not alwaya detect pbyaiologloally active amounta (R 116) 
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Bovet’s laboratory* at the Pasteur Institute in Pans concerning the antihistamine 
and anti-anaphylactic properties of 929 F (23, 170), Anne-Mane Staub (169) 
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published extensive data relative to the antihistamme properties of Several 
senes of compoimds synthesized by E Foumeau 929 F proved to be the 
most effective of the phenoxyethylammes with respect to alleviation of the 
symptoms of histanune shock m gumea pigs, but was shghtly less effective than 
1571 F, N-phenyl-N,N',N'-tnethylethylenediamme, selected from the senes 
of N-phenylethylene diamines The extensive pharmacological and toxicological 
studies conducted with the most promismg antihistamine compounds, 929 F 
and 1571 F, deserve special commendation m view of the demonstration that 
agents could be synthesized which would antagomze histamine and also dimm ish 
or annul certam anaphylactic reactions Furthermore, their findmgs were soon 
corroborated (24, 31, 77, 107, 110, 111, 112, 166) and rapidly extended (18, 27, 
76, 76, 106, 132, 168, 178, 186, 187) The diverse pharmacological actions and 
toxic effects produced by 929 F and 1671 F have precluded their use m therapeutics 
and extensive use as research tools The success of the French mvestigators 
motivated the search for supenor antihistamme compounds 

Antergan {23S9 RJP ) and 2SZ6 RJ* Evidence of definite progress m the 

* The erroneouB statement has been made (146) that the starting pomt for the develop- 
ment of antihistamme drugs began m 1933 with the report of Foumeau and Bovet (Arch mt. 
Pharm et thfirap , 46. 17g-191, 1933) However, the phenoho ethers considered were 
mvestigated for sympatholytic properties and no reference was made to their effects m 
antagonizmg histamme 
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development of more potent antihistamine compounds was presented by Haipcm 
(77) who studied twenty four denvatives of 1671 F and selected two compounds 
which exerted marked antihistamine action from the compounds synthesued by 
Mosmcr m the laboratories of RhAne-Poulenc The dimethyl homologue of 
1671 F,N-phenyl N-ethyl N',N'-dlmethyIethylenedlamine (2326 RJ ), and N- 
phonyi N bensyl N',N'-dimethylethyIenediamine (2333 RP or Antergan) were 
selected and studied extensively relative to antihistamme, anti anaphylactic, 
and anbapasmodio action, as well ns phatmacodynamio and toxicologloal proper- 
ties Of the anihne denvatives, 1671 F, 2325 RP and Antergan, the latter is 
the only compound which has been evaluated therapeutically in man (for ref 
cf 60, 140) 

Antistine (2-N phenyl N benrylammomethyhmidaioline), an analogue 
of Antergan, appears to possess pharmaoological properties and exert therapeutic 
effects snnilar to those of Antergan (19, 26, 127, 102) 

Smce 1942, synthetic compounds other than anihne denvatives have been 
found to possess marked antihistamme properties and a sufficiently low toxicity 
as to permit effective use as research tools and therapeutic agents The com 
pounds which have been exammed most extensively were selected from a ammo- 
pyridme denvatives and benshydryl alkamme ethers 

a-Amtnopt/ndmt denvaliKS Definite progress was made by Horclois (cf 34) 
who substituted a heterooycho structure, pyndine, for the phenyl nng in Anter- 
gan Bovet and co-workers (20, 21, 24), m 1944, found that N-o-pyndyl N p- 
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methoxybenzyl-N'jN'-dunethylethylenediamme (2786 RP or Neoantergan) 
possessed a remarkable degree of antihistamine potency, as shown by the rehef 
or prevention of bronchospasm m gmnea pigs mduced by anaphylaxis or adminis- 
tration of histamme This compound was found to be capable of dimimshmg 
or preventmg most of the effects of histamme on smooth muscle and the vascular 
system \ 

In 1945, Mayer, Huttrer and Scbolz (121, 122) reported the antihistamme and 
anti-anaphylactic action of a homologue of Neoantergan, N-a-pyndyl-N-ben^yl- 
N',N'-dimethylethylenediamme (63-Cor Pynbenzamme hydrochlonde) Pyn- 
benzamme lacks the methoxy group on the benzyl ring contamed m Neoantergan 
The close chemical sunilanty between Neoantergan and P 3 mbenzamme would 
suggest similanties m the quahtative actions and toxicity of the two compounds 
which wall be apparent from the discussion to follow 
Hetramme, N-2-pynmidyl-N-benzyl-N',N'-dimethylethylenediamme, is a 
pynmidme analogue of Pynbenzamme In recent months, Femstone, Williams 
and Rubm (59) demonstrated that Hetramme protected gmnea pip agamst 
histamme shock and anaphylactic shock 

Benzhydryl oXkamine ethers The availabdity of benzliydryl denvatives 
synthesized by Rieveschl and Huber (cf ref 110) which possessed an ether 
hnkage and other structural charactenstics similar to phenolic ethers such as 
929 F, motivated the author, in 1943, to test the benzhydiyl alkamme ethers 
for antihistamme action /3-DimethyIaminoethyl benzhydryl ether (Benadryl 
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hydrochlonde) and several related tertiary ammes exerted defimte antihistamme 
and anti-anaphylactic action (107, 110) Furthermore, it was demonstrated 
(109, 112, 187) that quaternary mtrogen denvatives of Benadryl were potent 
histamme antagonists and, although the quaternary compounds are chohne 
denvatives, they also exerted an anti-acetylcholme or atropme-like action in- 
stead of the usual muscanmc action exerted by most chohne ethers and esters 
(72) 
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Thiodtplienylamincs According to preliminary reports bj Ilalpom and 
Ducrot (80) and Halpem (70), two donrativcs of thiodipbcnylammo (3015 R P 
and 3277 R.P ) protected guinea pige, rabbits and dogs against axceedingl} 
largo doses of histamme injeotcd mtravcnously It was stated that these 
compounds antagomsod the apasmogemo notion of histamme on the uterus and 
mtestme and the depressor action m the cat, dog, and rabbit Sahv ary, pancre- 
atic and gastric secretion (histamine mduced?) were not inhibited 

Olher compounds Of particular importance m relation to anti-nnaph} lactic 
effeotiveness and mode of action of antihistamine drugs is the discovery (1) 
of a group of compounds which oppose scieral actions of histamme and, in 
contrast to all other potent antihistamme compounds which enhance the pressor 
action of epmephnne, these biock and reverse the pressor action of epmophnne 
(adrenergio blockmg action) a Nnphthylmothyletliyl-i3-chloroethj lamme and 
j3 2-biphenyloxyethyl-6 chloroethylethj lamme* atert this dual action Thej 
are efrecti\e in alleMatmg histamme shock and anaphj lactic shock in gumca 
pigs and m diminishmg the depressor responses to histamme in dogs a Naph 
thylmethylethyl-;3-chloroethyiaimne and Neoantergan are cquallj effective (1) 
in preventmg fatal histamine shock (MJ3J) of 0 026 mgm /kgm , subcuta 
neously) and anaphylactic shock m guinea pigs 

C.H, 

O— CH,CH,— A— CH.CH.Cl HCl 

j3 2-BipheDvloTyethyl 6 
ohloroetiiylethylamme HCl 

Phahiucodtnaiucs Doses of antihistammo drugs commonly employed 
ra animals do not exert a marked effect on respiration and the clmical htcratiiro 
contains no indication that doses recommended for therapeutic use in man 
have any effect (126, 140) An increased rate and amplitude of respiration 
pcrsistod tor some nunnles following intravenous mjection of 029 F 1671 F 
(109) and Antergan (77) m dogs anesthctiied with chloralose Similar responses 
have been obtained with Neoantergan, Pynbcnsaminc and Benadryl (112, 107, 
108, 191) in dogs anesthetiicd with pentobarbital or phenobarbital A short 
penod of apnea preceded the stimulatory phase when several of these drugs 
were inject^ rapidly (77, 112, 107) TOth all compounds excepting 029 F 
it is doubtful that the respiratory alterations are rellmc responses referable to 
ebanges m blood pressure since the brief apnea was usuallj concurrent with 
hypotension Furthermore, respiratory stimulation persisted for some minutes 

• Synthesized by Drs G RJovcscbl Jr R Fleming and W R Coleman of Parke Davis 
and Company Detroit Miehigan, 
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and, m general, was concurrent with a normal or slightly increased level of 
arterial blood pressure 

Following admimstration of large oral or parenteral doses of antihistamine 
drugs, respiratory stimulation has also been noted m imanesthetized animals 
(77, 105, 120) Such stimulation usually preceded or nas concomitant with 
marked excitabihty, tremors and convulsions Secondary respiratory depression 
may have been a contnbutory cause of death (120, 147) Mention was made of 
a general narcotic effect in rats which received large doses of Neoantergan (42) 

The hypotension mduced m anesthetized dogs, cats and rabbits ivith large 
doses of 929 F was frequently pronounced and of appreciable duration (31, 105, 
169, 178), thus comphcatmg mterpretation of data relatmg to histamine antago- 
nism Hypertension was reported to occur m unanesthetized dogs (132) treated 
with 929 F (40 mgm /kgm , S C ) More potent antihistamme drugs such as 
1571 F, Antergan, Neoantergan, Benadryl and Pynbenzamine, induced a 
transient hypotension m dogs when mjected intravenously at a rapid rate (77, 
112, 167, 168, 169, 190) However, it is quite apparent that hypotension was 
mmor m degree, absent, or replaced by a slight hypertension which persisted 
for several mmutes when these drugs were administered slowly or by other 
routes (24, 77, 112, 137, 167, 169, 182, 191) The exact cause of the hjrpotension 
or hypertension has not been detenmned although h3rperten8ion was considered 
to be m part referable to a stimulation of the central nervous system by Antergan 
(77) and Pynbenzamme (191) Following administration of Antergan, vaso- 
constnction occurred m the intestme, spleen and kidney, whereas vasodilatation 
was mduced m extreimties (40, 77) DeCuyper (40) reported that hypertension 
mduced with Antergan was not dependent on smo-carotid reflexes or hberation 
of epmephrme from the adrenal glands, and concluded that it was due to a 
direct, penpheral vasoconstnctive action 

The nse m arterial pressure m anesthetized dogs followmg intravenous mjec- 
tion of Antergan, Pynbenzamme, Neoantergan and Benadryl was shght m 
degree Since the hypertension persisted for only a few minutes, it could scarcely 
be related to other actions of the drugs, such as antagonism of histamme, which 
was demonstrable for one or more hours Doses of antihistamine drugs which 
are therapeutically effective m allergic diseases do not raise blood pressure 
(70, 126, 146) This mdicates that antihistamme drugs lack the pressor proper- 
ties possessed by epmephrme and its congeners 

The majonty of antihistamme drugs exert some local anesthetic action (25, 
31, 42, 77, 110, 157, 169), the degree of which has not been quantitatively deter- 
mmed except with Neoantergan (42) Local anesthetic action should be consid- 
ered when mterpretmg effects of antihistamme drugs on vascular and cutaneous 
responses m w^ch axon and other reflexes are mvolved Such action could 
possibly be related to anti-pnintic effects and production of cutaneous analgesia 
(31, 42, 167, 158), the latter havmg been demonstrated following large doses 
of 929 F and Neoantergan m animals 

Very few studies have been made which concern the direct and indirect action 
of antihistamme drugs upon the heart Neoantergan was reported to exert a 
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quiuidino-likB action on isolated auncnlnr tissue from rabbits (42) In normal 
human subjects, oral administration of maximal therapeutic doses of Benadryl 
for several -nreeltB seldom lowered systolic blood pressure and did not produce 
clinically detectable alterations of the heart (126) 

Toxic doses of all antihistamine drugs, with the exception of quaternary 
derivatives of Benadryl (187), stimulate the central nervous system of Bnimaln 
as evidenced hy hypcrexcitabillty, tremors and convulsions (of toxio effects) 
It has been stated (29) that Antergan enhances the excitability of cortical 
fibers and penpheial motor and sensoiy fibere, these effects are m accord with 
the generalised excitation produced in animals by Antergan (77) In animals, 
antihistamme drugs do not mduce sedation, hypnosis or depressant effects In 
contrast to the hyperexcitabihty and convulsions induced m several species of 
animals with large doses of antihistamine drugs is the sedation and dizxmess 
which sometimes obtain in human beings foUowmg administration of there 
peutic doses In man, sedation is unpredictable, variable m degree from person 
to person, and constitutes a side-effect which has been encountered frequently 
with Benadryl (9, 65, 68, 101, 123, 136, 148, 172), less frequently with Pynben 
xamme (6, 7, 68, 63, 146) and which Is known to occur following use of Anter- 
gan (37, 39) and Neoantergan (37, 38) 

Untoward reactions m man which result from direct or mdirect actions of 
antihistamine drugs on the gastrointeatmal tract mclude gastne distress, nausea, 
cmeeis, coho and diarrhea. Such reactions are seldom encountered with 
Benadryl (9, 66, 101, 123, 136, 172) which exerts a shght degree of antispasmodio 
action (vide infra) They posably occur more frequently with Antergan (28, 
37, 163, 164), Neoantergan 07) and Pynbenzamine (6, 7, 68, 63, 148), i c , with 
those drugs which are practically devoid of antispasmodio properties, but which 
ore capable of induemg spasm of intestinal and uterine muscle of animals in 
citro and in rtvo (vide infra) 

Antihistamme drugs arc absorbed rapidly folloumg oral and parenteral injec 
tion The usual experimental and therapeutic doses exert antihistamme and 
anti allergio action in animals and man for two to six hours No information 
IS available concerning effective blood levels and rate or mode of destruction or 
elimination Analyses made by Qclvin and McQavack (71) revealed the 
presence of comparable quantities of Benadryl In the blood and spmal fluid of 
seven patients 

Acute and chuonic toxiciti Those antihistamme drugs which are now 
bemg used as therapeutic agents were developed concurrently, or m rapid 
succession, which fact accounts for the minimal number of direct comparative 
studies relating to pharmacodynamics and toxicity Compansons of toxicity 
data obtamed m different laboratones under varymg conditions relative to 
tcclmique and animals employed, may be misleading, especially when no refer 
ence compound is included in the studios which would at least permit a compan 
son of relative toxioitj values A direct comparison (167) of the acute toxicity 
following intrapontoncal iojection of Neoantergan, Pyiibeniamlno and Bciindty 1 
m mice revealed no important difference in the values for LD 60 which ranged 
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from 75 to 90 mgm /kgm Acute toxicity data (LD 50) reported by vanous 
investigators are included m table 1 

The tabulated data reveal that none of the antihistamme drugs are extremely 
toxic and it is unhkely that any major differences exist m relation to the acute 
toxicity of the vanous compounds Furthermore, the ratio of these lethal doses 
to the small doses required to demonstrate antihistamine and anti-anaphylactic 
activity m animals consistently yields a high therapeutic index The magnitude 
of the toxic doses of 929 F, 1571 F (31, 110, 169), and 2325 RP (24, 77) in 

TABLE 1 


Acute toxicity of antihistamine drugs (LD SO tn mgm /kgm ) 


1 

AKIUAL AKD 

ANTEROAN 

KEOANTIXOAN 

BENADRYl, 

TYRIBCNZAUINE 

lOUTE 07 INJECTION 

LD50 

(Ref no ) 





LD50 

(Ref no ) 
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j 





iP 



90 

(167) 

76 

(167) 

80 

(167) 

8 C 

175 

(24) 

150 

(24) 

130 

(147) 

75 

(120) 

oral 





167 

(147) 

210 

(120) 
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40 ! 

(24) 

30 

(24) 
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(120) 

Bat 
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82 

(110) 



s c 

176 

(77) 





340 o' 
225 9 

(120) 
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300 

(77) 



545 

(147) 

570 o' 
515 9 

(120) 
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46 

(147) 

12 

(120) 

Qumea pig 





1 




s c 

110 

(24) 

70 

(24) 





I p 




1 

75 

(110) 



Rabbit 

s c 


i 


1 



33 

(120) 

1 V 


1 


1 

10 5 

(147) 

9 

(120) 

Dog 

1 V 


i 


! 

1 

80 

(147) 




several animal species at least suggests that these drugs are no more acutely 
toxic m animals than compounds included m table 1, but 929 F produced marked 
side actions m dog and man (31, 169) 

Toxic doses of antihistamine drugs in several animal species induced tremors, 
then convulsions which were sometimes followed by depression, and finally 
death which appeared to be due to cardio-respiratory depression The exact 
cause of death should be detenmned, as well as means of antidoting toxic amounts 
of these drugs The acute toxic effects of antihistamine drugs appear unrelated 
to any physiological mechanism involvmg histamine 
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No indications of chronic tomcity woro observed in studies on blood, unne, 
parenchymatous organs, nervous system or bone marrow of dogs rccemng 
Benadryl orally (147) for sevoral rveoks m dady doses (40 to 00 mgm /kgm ) 
capable of causing nervousness, ataxia, gastro-mtestmal reactions and hyper- 
esthesia of the skm In man, administration of Benadryl for as long as eighteen 
weeks did not cause vnnations m cells and other constituents of blood (120) 
Pyribeniaimno has been administered orally to three human subjects for 80 
days (96), to four dogs for one year and to rats for many months (117, 120) 
without inducmg biochemical or pathological changes in body fluids, unne, or 
tissues Doses of Iscoantcrgan equivalent to the maximum human therapeutic 
dose, on the basis of body weight, were gi\ en to young rats in tw o injections 
daily for eleven days without aflfectmg growth (42) 

It 18 encouragmg to note that the clmical literature referable to ilntergan, 
Benadryl, Pyribensamino, Neoantergan and Antistmo jiclds no evidence as 
yet that they can mduce blood dyscrasias or orgamc changes m the nervous 
system or parenchymatous organa 

ANTAaoNisit OP HisTAiiTNE A prominent pharmacological action of tustn 
mine is its spasmogemc action on smooth muscle of bronchioles, gastro-mtestmal 
tract, uterus, ureters and gall bladder (10, 01, 72) Histamine induces artenolar 
conatnebon or dilatation dependmg on anunal bjiccics or locahtj of vascular 
bed m a given species. A conspicuous acbon of bistammc is the produebon of 
mcrcased capiUarj dilatation and greater capillary pcrmeabihty, the latter 
factor bemg most important m the production of localised edema (97) Finally, 
histamme is a potent secrotagoguc which mduces secretion from lacnmal, 
salivary, gastric and pancreatic glands. This socrotagogue action is probably 
most important wvth reference to gastric secretion 

A consideration of antihistamme drugs must necessarily concern their ability 
to antagonize the v anous actions of histamme 

1 BroncMoUs Usually, antihistamme drugs have been selected and jiar- 
bally evaluated by determmmg their ability to allovTate bronchioconstriction 
which is so conspicuous in gumca pigs when histamme is injected or liberated 
during anaphyla-MB (cf 183) Until recently, it was difficult to compare the 
rclabve effectiveness of v anous drugs since various invesbgators used dilTcront 
techmques and frequently faded to include a standard or reference compound 
w hich would at least permit indirect comjiansons of data from vanous sources. 
More recently, a majonty of the antihistamine drugs were tested (65 108, 110 
111 167, 187) under condibons which were sufficicntlj standardized as to jneld 
a remarkable consistency in the mcidcnco of asphyxial deaths referable to 
histamme mduced bronchioconstriction in untreated gumca pigs, and which 
fienmtted a fairly reliable determination of the minunal effective dose (M EJ) ) 
of a given drug which was capable of pnrtinll) annulhng the action of histamme 
Essentially, the method (110), a modification of that used by Kallds and Pagol 
(01) and othera (77, 161), consists of detcrmming the MED of a drug which 
significantly reduced the mortality rate of gumca pigs exposed to a lethal dose 
of an atomized histamme solution (see table 2) 
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The abihty of 929 and 1571 F to dmnnish the bronchioconstnctive effects 
of histamine m guinea pigs (23, 169, 170) has been confirmed by several investi- 
gators (31, 77, 110, 111, 156, 186) Antergan (77, 78) and 2325 RJP were 
more effective Antergan exerted a high degree of antihistamine specificity 
on the bronchiolar muscle of gumea pigs since even large doses failed to reheve' 
bronchioconstnction mduced with an aerosol of acetylchohne and eseme (77) 

TABLE 2 


Mtntmwn effective doses of antihistamine drugs which reduce the incidence of 
mortality in guinea pigs exposed to an aerosol of histamine 


DSXTO 

MOU WT 

DOSE* 

aOUTE 

sxr KO 

2-Isopropyl-6-methylphenoxyethyldiethyl- 

285 80 

mfoi /kim 

6 0 

ip 

(110, 111) 

amine hydrochlonde, 929 F (Foumeau) 


6 0 

s c 

(24) 

N-Phenyl-N , N' , N'-tnethylethylenedia- 

266 81 

3 0 

ip 

(110, 111) 

mme hydrochlonde, 1671 F (Foumeau) 


6 0 

8 c 

(77) 

N -Phenyl -N-ethyl-N' , N'-dimethylethyl- 

228 76 

2 6 

8 C 

(77) 

enediamine hydrochlonde, 2325 R P 
(Rhftne-Pouleno) 


1 



N-Phenyl-N-bensyl-N' , N'-dimethylethyl- 

290 81 

1 0 

8 C 

(24) 

enediamine hydrochlonde, 2339 RJ* , 


0 6 

S C 

(77) 

Antergan 





N-Pyndyl-N-p-methoxybensyl-N' , N'-di- 

382 37 

0 076 

mSm 

(167) 

methylethylenediamine HaPO<, 2786 


0 025 


(1) 

R-P , Neoantergan 


0 1 


(24) 

N -o-P;^dyl-N -benzyl -N' , N'-dimethyl- 

291 79 

0 3 


(167) 

ethylenedianune hydrochlonde, Pyn- 
benzamine 

1 



(110, IIU 

/S-Dimethylammoethyl benzhydryl ether 

291 46 

1 6 


hydrochlonde, Beimdryl 
jJ-Benzhydryloxyethyltnmethylammo- 

397 30 

0 6 

m 

(112,167) 
(112, 187) 

mum iodide 




(69) 

N-2-Pynimdyl-N-benzyl-N' ,N'-dimethyl- 

265 33 

03to06 


ethylenedianune, Hetramme 



■■ 

(1) 

a-Naphthylmethylethyl-;3-chloroethyl- 

284 19 

0 025 


amine hydrochlonde 



■1 



* Doaes employed by Halpern (ref 77) were capable of preventing development of Benona 
symptoms, whereas those employed by other workers dimimshed mortality Pretreatmont 
with drugs was instituted 16 to 30 mmutes before exposure to histamine aerosol 


Large doses of epmephrme were required to oppose effects of either acetylchohne 
or histamme 

In rapid succession, it was demonstrated that Neoantergan (21, 24), Benadryl 
and related compounds (109—112, 167), Pynben zamme (118, 122), Antistme (127) 
and Hetramme (59) were highly effective m antagomzmg the bronchiocon- 
stnction mduced m mtact gumea pigs by exposure to a histamme aerosol 
Most of these findmgs have been confirmed (65, 66, 105, 167), and each of these 
drugs w as capable of antagomzmg the bronchioconstnction mduced by mtrave- 
nous mjections of histamme 
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The relatrve potency of several antihlstaniine drugs hww also been ascertained 
by determining the number of mtravenously injected ID 60 doses of histamine 
which a fixed doee of drug will antagonise sufficiently to prevent asphyxial 
death m guinea pigs (24, 66, 80) In general, the same relative potency of the 
various compounds is obtained by admimstermg histamine mtravenously or as 
an aerosol Those drugs which exert a moderate degree of antihistaimne 
activity are 929 F, 1671 F, 2326 RP , Antergan, Benadryl and several quater- 
nary nitrogen derivatives, Pyribensamine, Hetramme, Antistine and several 
alkyl derivatives of /3 2-blplienyloxyethyl-jS-ohloroethylaittme (1) A remarkable 
degree of potency was exhibited by Neoantergan, alkamino derivatives of thio- 
diphenylamine (3016 RJP and 8277 RJP ) and a naphthylmethylethyl-j3-chloro- 
ethylamme (1) 3277 HP prevented immediate deaths followmg Intrai enous 

mjection of 1600 lethal doses of histamine (80) m gumea pigs, whereas epmephrme 
and Aleudnne were mcapable of protecting against two lethal doses. 

It is known that the relative potency of drugs based on reactions m a given 
organ or tissue may be decidedly different when based on reactions m other 
tissues or organa Because of this fact it is highly important to ascertain the 
degree of effectiveness of antihistamme drugs ■with respect to the antagonism 
of the action of histamme on the vascular system, intestinal and uterine smooth 
muscle, etc Unfortunately, there is a paucity of data referable to such compan- 
stais (vido infra), uhich is regrettable amce a demonstrable degree of selective 
activity in certain tissues is important when sdectmg drugs for experimental 
and clinical use. 

"With several antihistamme drugs it has been shown that histamme-mduccd 
bronchiooonstnction was diminished m isolated, perfused, gumea pig lungs (40, 
160, 192) and a limited amount of evidenco mdieated dimmution of the histamine 
effect m other animals (60, 192) and man (36) Herntt and Curry (84) found 
that Benadryl amehorated bronohioconstnotion and systemio reactions to 
impure preparations of streptomycin which contam histamine or a sunilar 
substance 

2 Inteshnal mvsde Staub (169) reported that 929 F and 1671 F in a 
dilution of 2 X 10* to 1 X 10’ prevented histamine from contracting isolated 
gumea pig ileum There is agreement (31, 77, 112, 187) that sufficient doses 
of 929 F or 1671 F suppressed the spasmogemc action of acetylchohne and 
banum, thus mdicatmg that these antihistamme compounds are not absolutely 
specific ns was suggested for 929 F by Hosenthal and Brown (166) According 
to Halpem (77), the dilution of drugs required to completely suppress the 
spasmogemc action of histamme (3.3 X 10*, base?) on gumea pig intestine was 
6 6 X 10* for 1671 F, 6 0 X 10* for 2325 RF and 1 X 10’ for 4ntcrgan In 
order to antagonise the spasmogemc action of acetylcholme and banum it was 
necessary to mcroase the concentration of Antergan and 2325 RP several 
hundred tunes, the latter compound bomg more specific but one fifteenth as 
potent as Antergan m antihistamine action 

Other direct compansons of the antihistamine action of several drugs on 
intestinal muscle were mode by Loew el of (112) who found that spasm mduced 
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•With histamine diphosphate (1 25 X 10^) was reduced 75 to 100 per cent by 
1571 F m a dilution of 3 3 X 10® and by Benadiyl m a dilution of 5 X 10^, 
whereas antispasmodics such as atropme, Pavatnne, and Trasentm were only 
effective in lower dilutions of approximately 1 X 10® It was also revealed 
that Benadryl, and especially 1571 F, were less effective than Pavatnne and 
Trasentm as regards antagonism of the spasmogenic action of banum and 
acetylchohne Thus, the most pronounced action of 1571 F and Benadryl ■was 
their antagonism to histamme, Benadryl bemg most potent and 1571 F the 
most specific An extension of these studies (109, 187) 'With several antispas- 
modjcs, Benadryl and some of its quaternary denvatives, revealed mterestmg 
differences m potency and specificity relatmg to antagomsm of histamme, banum 
and acetylchohne Bhstamme-induced mtestmal spasm was diminished by 
Antistme (127), a drug which exhibited a moderate degree of specificity 
Since Neoantergan is markedly effective m reheving histamme-mduced 
bronchioconstnction, it is unfortunate that there are no quantitative and com- 
parative data regardmg its antdustamme action "with reference to isolated 
mtestmal muscle It has been stated (42) that Benadryl was much less effective 
than Neoantergan and that the inhibiting dose of Neoantergan was less than 
the dose of histamme required to mduce spasm (24) Mayer (118) stated that 
a dilution of Pynbenzamme of 5 X 10^ was sufficient to prevent the spasmogemc 
action of histamme in a dilution of 1 X 10^ and occasionally 1 X 10* Pyn- 
benzamme (118) and Neoantergan (42) weakly antagomzed the spasmogemc 
action of acetylchohne 

In anesthetized dogs, spasm of the intestine induced 'with histamme has been 
blocked by 929 F (169), Pynbenzamme, Neoantergan and Benadryl (167) 

The antispasmodic action of antihistamme drugs as evidenced by their abihty 
to dimmish the tonus and spontaneous motihty of isolated rabbit intestme, or 
the mtestme of intact dogs, was not marked m the case of 929 F and 1671 F 
(76, 169), 2325 R P (77), Neoantergan and Pynbenzamme (42, 167) In fact, 
Neoantergan and Pynbenzamme stimulated mtestmal and utenne activity 
when mjected mtravenously m anesthetized dogs, whereas Benadryl decreased 
tonus and motihty of the mtestme (167) In unanesthetized dogs, 929 F usually 
had only a variable and transient inhibitory action on the stomach, duodenum 
and jejunum and no important effect on the termmal part of the ileum (76) 

In view of these findmgs it is qmte apparent that the majonty of antihistamme 
drugs do not prevent spasm or exert a promment relaxmg effect on Intestmal 
muscle except imder conditions m which histamme has produced mcreased 
tonus, hypermotility or spasm Benadryl exerts a weak antispasmodic action 
3 Utenne m-itsde Histamme has a poiverful oxytocic action Mayer (118) 
stated that 929 F and 1571 F were capable of contractmg the isolated guinea- 
pig uterus, their spasmogemc action bemg sufficient to interfere vith a demon- 
stration of antihistamme actmty However, Staub (169) had preiuously 
reported that 929 F, m a dilution of 2 X 10®, contracted the uterus whereas a 
dilution of 1 X 10® failed to do so and antagomzed the oxytocic action of his- 
tamme Mayer (118) stated that the antrhistamme activity of Antergan and 
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Pyribeniamine was eufEoieatly higher than their spasmogenic actiinty to permit 
a demonstration of histamino antagonism Haipcm (77) reported that both 
Antorgan and 2326 RJ? exerted a strong excitant action on isolated guinea pig 
uterus Accordmg to Bovet and 'Walthert (24), both Antergan and Neoantergan 
exhibited a degree of spasmogenic action which precluded a satisfactory demon 
stration of specifio antihistamine action on the isolated gumea pig uterus, 
although Dews and Graham (42) demonstrated histammc antagonism with 
Neoantergan m a dilution of 6 X 10* , with rat uterus, the inhibiting action of 
hlatamme was not altered by non-spasmogenio amounts of Neoantergan An 
obvious need exista for quantitative data obtained from several animal species 
to replace the statements, opinions and “typical” expenmenta which concern 
the spasmogenic action of 929 F, 1671 F, Antorgan, 2326 RJ* , Pyribeniamme 
and Neoantergan, and the abihty of these drugs to antagonize the oxytocic 
action of histamine No data are available concemmg the action of Benadryl 
on the isolated uterus 

In anesthetized dogs, the intravenous mjection of Pynbenzanune and Neo- 
antegan m doses of 3 0 mgm per kgm caused contraction of the uterus, whereas 
the same doses of Benadryl failed to do so (167), each of the drugs antagonized 
the contraotmg effect of mjected histaimne 

The limited data available warrant the tentative conclusion that the anti- 
histammo agents, with the exception of Benadryl, are capable of contracting 
uterme muscle, and that all antagonize the spasmogenic action of histamme 
Althou^ Benadryl exerted a weak antispasmodic action on bronchlolar and 
Intestinal muscle, none has yet been experimentally demonstrated for uterme 
muscle The revnewer is unaware of any evidence whatsoever concerning the 
abihty of antihistamine drugs to oppose actions of pituitnn on the uterus or 
other tissues Quantitative data relative to effects of antihistamine drugs on 
uterine tissue of several species of nniraals are needed, and studies should deter 
mine the effectiveness and specificity with regard to antagonism of \anous 
spasmogemc agents, especially pituitnn 

4 Arterial blood preeexire Although Staub (169) reported that 929 F failed 
to antagonize the depressor action of histamine in chloraloscd dogs, positive 
results were later demonstrated (31, 132) when small doses of histamine were 
employed In rabbits, histamme shock (178) and hypertension mdneed with 
small doses of histamme have been diminished by 929 F (169) and hypotension 
induced with large doses of histamine m unancsthctized mbbita was diminished 
by 1671 F, Antergan and Neoantergan, the latter drug being offccthe m mtra 
venous doses of 0^ to 1 0 mgra per kgm of body weight (143) 

Reports by Bovet and co-workers (20, 21, 24) revealed that Neoantergan 
was markedlj effective in dimmlshmg the depressor action of histamine in 
anesthetized dogs, nasal plethysmograph measurements mdicated lessened 
vasodilatation Pyribenzamine (167, 189) and Benadryl (112, 167, 181, 182) 
also dumnished the depressor action of histamme in dogs Compamth o studies 
with Neoantergan, Pyribenzamine and Benadryl in dogs anesthetized with 
pentobarbital (167) revealed that each drug m intravenous doses of 3 0 mgm per 



kgm body weight dumrushed the depressor action of histamine the same degree 
(co 55 per cent) Thus, these drugs appeared to possess equal potency with 
regard to antagonizmg the depressor effects of identical doses of histamme in 
dogs even though their abihty to antagonize the bronchioconstnctive action of 
histamine m gumea pigs vaned widely However, examination of data relatmg 
to Benadryl-histamme antagonism (112, 182) reveals that the percentage 
inhi bition of the depressor action of histamine only varied withm small lumts 
when the dose of Benadryl was vaned several-fold It is therefore possible 
that quantitative data denved from experiments of smtable design may reveal 
differences m potency of these drugs Neoantergan and thiodiphenylamme 
denvatives (3016 R P and 3277 R P ) prevented death of dogs, rabbits and 
gumea pigs foUovong tremendous doses of histamme injected mtravenously (80) 
Benadryl produced some dimmution m the depressor response to acetylchohne 
(112, 167, 108) and smce it weakly antagonized the spasmogenic action of 
acetylchohne on mtestinal muscle (108, 109, 112, 187) and was capable of 
producmg mydnasis and altenng accommodation (82, 109, 126), it is apparent 
that Benadryl has a weak atropme-hke action The evidence available mdicates 
that 1671 F, Antergan, 2325 R P , Neoantergan and Pynbenzamme have only 
a shght atropme-hke action (24, 77, 169) on mtestmes and bronchioles and the 
latter two compounds fail to dimmish the depressor action of acetylchohne (167) 
The essential pharmacological difference between Benadryl and the a-ammo- 
pyndme denvatives appears to be that Benadryl is less speci6c as an antihis- 
taimne drug by virtue of a higher degree of anti-acetylchohne action which may 
be expressed as an antispasmodic effect not appreciably apparent vnth Neoanter- 
gan and Pyribenzamme In fact, the latter are spasmogenic m certam concen- 
trations Quantitatively, Neoantergan and Pynbenzamme were more effective 
than Benadryl m diminishing seventy of histamme shock m gumea pigs (66, 
66, 167) but the data now available are not sufficient to prove that there is a 
wide difference m effectiveness m antagonizmg actions of histamme on the 
vascular system Smce the clmical hterature reveals very close sunilanty m 
the abihty and mabihty of Benadryl and Pynbenzamme to alleviate symptoms 
of vanous allergic diseases, it is apparent that clmical effectiveness is not directly 
related to degree of antihistamme action m gumea pigs 

It may be concluded that antihistamme drugs not only antagonize excitatory 
effects of histamme on bronchiolar, mtestmal and uterme smooth muscle, but 
also prevent the relaxmg or inhibitory effects of histamme on the vascular 
system, as mdicated by antagomsm of the depressor action of histamme m 
dogs and its coronary dilatmg action (42) m cats 
The data now available relative to the effects of antihistamme drugs on 
bronchiolar, uterme and mtestmal smooth muscle, mdicate that the term muscu- 
lotropic antispasmodic fails to characterize defimtely drugs which are potept 
and appreciably specific as antagonists of the spasmogemc action of histamme 
The term antispasmodic would not be apph cable with reference to the abihty 
of these drugs to prevent histamme from relaxing smooth muscle of systemic 
artenoles and coronary vessels m carnivores or from mcreasmg permeabihty 
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of capdlaiy endothelium (vide infra) For these reasons it becomes apparent 
that the term ‘‘antihistamine’’ is most useful in describmg and c lassif ying these 
drugs 

6 CapiUary ptrmtabUxiy and eutanema nadtons The question regardmg 
the r6Ie which histamine plays m inflammatory reactions is important for such 
reactions are ehcitedby thermal, chemical, mechanical and photic stimuh , those re- 
actions which are referable to bacteria or allergens are mtmintely related to immu 
nological processes In the localised inflammatory response, the flare and wheal 
are related, respectively, to vasodilatation and accumulation of edema fluid. The 
immediate cause of vasodilatation and especially of localised edema In inflam- 
matory reactions is therefore of importance and mcreased capillary permeabihty 
is an important factor relative to the transudation of flmd from eapiUanes to 
mjured tissues (97, 131) 

Of the substances known to mcrease capUlaiy permeability, histamine is 
probably the most potent (84, 102) and comparatively large amounts are present 
in skin (4, 10, 74, 110, 166, 167) Histamine appears to be somewhat specific 
in mducing cutaneous reactions for it was effective at a concentration of M/10,000 
whereas a variety of other ammea, imldaioles and miscellaneous substances 
wore found to be effective only m concentrations of M/2 to M/ICO (34) 

The measurement of cutaneous responses to histamme, allergens, and other 
substances are semi-quantitativo and usually restneted to observations, or 
actual measurement, of the diameter of the area showmg a flare and wheal 'The 
effects of antlhistainmo drugs on these cutaneous reactions have seldom been 
measured m a precise manner and the scope of the vanous studies has been 
limited. For these reasons, the discussion regarding the effect of antihistamine 
drugs on localised cutaneous reactions to a variety of stunuh is largely descnptrve 
rather than eicplanatory 

In the rabbit and dog, extravasation of dye has been used as a measure of 
mcreased capUlaiy penneablllty Benadryl (98), Neoantergan (14, 16, 98) 
and Pyrxbensamme (146) diminished or annulled the localised accumulation of 
dye which usually follows mtradennal mjeotion of histamine Benadryl did not 
protect the cutaneous oapillanea of the rabbit against other injected or liberated 
substances (98) since tiypan blue responses to trypsin, venom of Crotalus 
adamanteus, staphylococcus toxm (Burky strain Ha), heparm, tetracaine 
(Pontocaine), codeine, and horse scrum wore unaltered m non sensitised rabbits 
Although Fncdlaendor and Feinberg (04) behoved that local appheation of 
Benadryl reduced a wheal and flare response to codeine sulfate (scratch test) 
m man it is pertinent to conaider that a 6 per cent solution of Benadryl would 
exert local anesthetic action and thus affect axon reflexes concerned in flare 
reactions. Data from sensitiied rabbits were suggestii e but did not prove or 
disprove that histamme was importantlj involved in the cutaneous response 
to antigen (98) None of the evidence obtained or cited suggested that chohno 
or an ester was concerned m the responses to any of the agents employed 

The experimental data obtamed from rabbits (98) strongly suggest a, that 
the action of antihistamme drugs on capillary permeability vas limited to an 
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antagonism of hista min e, and b, that tiypsm, snake venom, and staphylococcus 
toxm mcreased capillary permeabihty through some mechanism which did 
not mvolve histarmne The studies made with non-sensitized rabbits provided 
no support for the contention that mtradermal mjections of various agents 
causes hberation of histamme which accounts for mcreased capillary permeabihty 
(154), although smular studies with other antihistamme drugs should be made 
in several animal species 

The wheal and flare referable to mtracutaneous mjections of histamme m 
man were frequently ditmmshed followmg oral administration of Antergan 
(28, 136, 139, 176, 179), Neoantergan (176), Benadryl (48, 67, 64, 126, 141) 
and Pynbenzamme (7) The highest incidence and degree of diminution of 
cutaneous responses to histamme occurred when threshold doses of histamme 
were injected m subjects treated ivith adequate doses of antihistamine drugs 

This e\idenco that antihistamme drugs dimmish cutaneous reactions to 
administered histamme suggests that the drugs should dimmish reactions to 
substances knoam or suspected of containmg histamme Trypan blue responses 
of equal mtensity produced m dogs 65'^ histamme and ascitic flmd were attenuated 
proportionally by Neoantergan (15), thus suggestmg that ascitic fluid contains 
histamme Other emdence of the presence of histamine m ascitic flmd and 
pleural exudates has been adduced (12, 15, 152, 153) It is conceivable that 
some of the reactions observed by Menkm (129-131) m his studies on inflam- 
mation which were attnbuted to a specific factor, leucotaxine, may have been 
due to histamme 

More data are needed relative to the antagonism of the cutaneous effects of 
snake (136, 139) and bee venoms (2) It was stated that Antergan therapy 
had no effect on erythema mduced by ultraviolet irradiation of a limited area 
of human skm (139) 

Frequent attempts have been made to dimmish locahzed anaphylactic reac- 
tions m the skm of animals and man bj' pretreatment with antihistamme drugs 
Large doses of 929 F and Antergan in tuberculous gumea pigs did not miramize 
the severe cutaneous reactions produced by injection of 10 mgm of crude tuber- 
cuhn mtradermally, Antergan failed to dimimsh cutaneous responses to smaller 
amounts of tubercuhn (16) In man, the cutaneous responses tnboth histamme 
and tubercuhn w ere diminished by Antergan (26) 

Hemorrhagic cutaneous reactions (Schwartzman), which follow'ed intravenous 
mjections of bactenal toxin m rabbits previously sensitized locally, were dimm- 
ished by Neoantergan admmistered subcutaneously in divided doses over a 
penod of ten hours (24) Failure of 929 F and Antergan to dimmish such 
hemorrhagic responses (17) in several rabbits could have been referable to the 
use of large doses of toxin and madequate duration of treatment ivith drugs 
less potent than Neoantergan 

Support for the concept that hberation of histamme from tissues accounts 
In part for the allergic type of inflammatory reaction is the endence that anti- 
histamme drugs dimmish dermographic responses (8, 67, 64, 136, 139, 163) 
m man and the responses mduced by mtradermal injection of allergens (7, 64, 
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176) In addition, the clinical litcraluro reveala that a comparatively high 
percentage of patienta with acute or chrome urticana don\ e dcfimte symptomatic 
rehef when treated with antihistamine drugs Diagnostic skm testing pro- 
cedures effected to detenmne the presence of hypersensitivity should obviously 
not be conducted m patients who have recently ingested an antihistamine drug 
iVntihistamine drugs probably diminish whealing by prevontmg histanune 
from increasmg capillary permeability or by actmg directly to decrease permea- 
bility If the action is direct, antihistamme drugs should diminish mcrcased 
capillary permeability caused by a variety of agents which do not contam or 
liberate histanune Accordmg to Gelvin, Elias and McGavack (70), Benadryl 
did not affect the permeability of meningeal capillaries which are permeable 
to Benadryl smeo comparable quantities of the drug were found m blood and 
spinal flmd of seven pabents (71) Accordmg to the prevaihng concept, the 
erythematous flare induced by cutaneous injury depends upon axon reflexes 
Evidence obtained by Parrot and Lefebvre (188) indicated that Antcrgan 
proiented histamine from mibatmg such reflexes, the failure of Antergan to 
prelent vasodilatabon in dogs followmg eleetneal stimulation of antidromic 
nerve fibers rendered it uniikely that histamine was actmg as a mediator 
It win bo important to detenmne the extent to which the action of antihis- 
tamine dnigs is referable to a direct effect upon capillaries, an antagonism of the 
effect of histanune on pcrmeabihty and abihtj to initiate or mediate axon 
reflexes, or an enhancement of the elleets of epmephnne (cf discussion concern 
mg specificity) Antihistamme drugs which fail to enhance, or actually block, 
effects of epinephrine may prove useful in elucidating the effects upon capillancs 
Smee antihistamme drugs were capable of dumrushmg the vasodepressor 
nebon of histamine and its nebon of increasmg capillary permeabihty it is 
significant to note that Benadryl (85) and Antergan f88) failed to induce bene- 
ficial effects m hemorrhagic and traumatic shock, respeobvelj 
0 Olandrdnr sfcretum The ability of antihistamine drugs to antagonise the 
actions of histanune on the vascular system and on smooth muscle in several 
locations suggests- that such drugs mi^t inhibit lacmnal, salivary, gastric and 
pancreattc secretion foUowmg stimulation of these glands with histamine If 
80 , they could be employed advantageously to elucidate the quesUon as to 
whether histamme plays anv physiological r61e m these secretory processes 
Whether histamine is related to the secretory response of the stomach to food 
and the secretion occurring m abnormal conditions is a moot quesbon (61, 73, 
87) If hypersecretion and gastric retenbon are ebological or aggmiating 
factors in "peptic ulcer,” a drug with gastric secretory depressant and nnb 
spasmodic properties would certainly warrant clinical trial 
Loow and Chickenng (106) found that subcutaneous injeobon of 929 F in 
dogs with gnstno pouches (Heidenhaln) previous to a subcutaneous injecbon 
of histanune actually increased the volume and acidity of seorobon oi cr that 
wBich obbuned durrng control periods when only the histanune stunulus was 
employed Ilallcnbeok (76) corroborated these findings in experiments in 
which the histamine stimulus was effected in n more physiological manner, \ is 
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by slow ontravenous mfuaon or absorption from a beeswax mixture By an 
unknown mechamsm, 929 P did dimmish secretion m response to a meal stimulus 
m dogs with innervated and denervated pouches (Pavlov, Heidenham, trans- 
planted) 

In dogs with denervated pouches, 1571 F failed to modify secretion after a 
food stimulus (18) but inhibited secretion m dogs with innervated pouches (75), 
which suggests that the drug exferted a central nervous action Ignorance of 
the fact that secretion may vary accordmg to whether the gastric pouch is 
innervated or denervated undoubtedly accounts for the statement (146) that, 
“The effect of compounds 929 F and 1571 F on gastnc responses to histamme 
or on (sic) food mgestion m dogs vanes with the experimenters ” 1671 F 
almost halved the output of histamme-mduced secretion (18) although when 
large single doses of histamme were employed (27) neither 929 F nor 1671 F 
inhibited secretion In summanzmg, it is apparent that 929 F failed to antag- 
onize the gastnc secretogogue action of histamme and that secretoiy inhibition 
demonstrated with 1671 F was probably not referable to a speciBc antagonism of 
histamme smce pilocarpme-mduced secretion from denervated pouches was 
also inhibited (18) 

Pretreatment of dogs with Benadryl inhibited secretion from denervated 
gastnc pouches approximately 40 per cent when the histamme stimulus (0 6 
mgm histamme diphosphate) was given as a smgle subcutaneous injection (112) 
However, secretion was not inhibited m aU dogs and recent evidence mdicates 
that Benadiyl (67, 160) and P 3 rnbenzamine failed to antagonize the secretogogue 
action of histamme m dogs with vanous types of pouches Some inhibition 
was noted after treatment with several quaternary mtrogen denvatives of 
Benadiyl (69) Benadryl did not prevent formation of duodenal and gastnc 
ulcers m dogs which received large amounts of histamme m beeswax (67) No 
conspicuous inhibition of histamme-mduced gastnc secretion occurred m dogs 
pretreated with diethylammoethyl-dihydroanthracene (100), diethylammoethyl 
fluorene-9-carboxaIate (99) or several alkyloxytnazmes (105) which weakly 
antagonized histamme (108) Thiodiphenylamme denvatives (3015 HP and 
3277 HP) apparently failed to inhibit salivary, pancreatic and gastnc secretion 
(80) 

In the rat, Neoantergan did not inhibit the secretogogue action of histamme 
(60 mgm /kgm , subcutaneously), although atropine (200 mgm /kgm , subcuta- 
neously) was effective (24) Seemmgly the rat is a poor choice of experimental 
animal if such large doses of drugs are required to stimulate or depress secretion 

It was stated (164) that the previous mgestion of Antergan by human subjects 
did not modify secretion of acid followmg mjection of histamme In six subjects 
(37) the mtravenous mjection of Antergan m doses sufficient to produce defimte 
symptoms reduced the volume but not the total amount of hydrochloric acid 
secreted followmg subcutaneous mjection of histamme dihydrochlonde (1 0 
mgm ), although the local and systemic effects were attenuated Neoantergan 
also failed to reduce the total acid secreted by tw'o subjects, although it elimi- 
nated all other effects of histamme Prehmmaiy studies m man did not provide 
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unequivocal evidence that Benadiyl appreciably antagoniied the Becretogogue 
action of histamine (123, 124) and of alcohol (125), -whioh may liberate histamine. 
Appreciable doses of Benadryl infused mtravenously failed to significantly 
decrease the volume and free acid concentration of gastric juice m duodenal 
ulcer patients given a test meal, or histamme, subcutaneously or mtmvenously 
(133) 

The available evidence from man and animals Justifies the conclusion that 
none of the antihistamme drugs directly antagonised the gastric secretogogue 
action of histamme Thus, at least one of the promment effects of histamine 
was not significantly diminish ed by antihistamine drugs. 

Halpem (77) has stated that the mtravenous injection of 2326 RJP and 
Antergnn m dogs augmented salivary secretion and that thiodiphenylammes 
(80) did not affect sahvary, pancreatic and gastric secretion In anesthotised 
cats, Yonkman cl al (190) noted that salivary secretion induced by carotid 
injections of histamine was highly variable but apjiearcd to be dimmished or 
annulled by Pyribentamine lacrimation mduced with histamine was stated 
to be definitely suppressed after mjeobons of Pyribensamme Sahvary secretion 
was still ehated by faradisation of the chorda tympani nerve or by injcctmg 
pilocarpme. In some espenmenta, Pynbensamine apjicared to sensitise the 
salivaiy secretory response to such a vanety of agents and procedures as to 
suggest that experunental conditions were improperly controlled Among 
patients reccivmg therapeutic doses of Antergan, J^Tibcnsaimne or Benadryi 
there IS such a low madence of xerostomia (163, 146) as to suggest that neither 
the antihistanune nor atropine-like quahties of these agents are physiologically 
important in rdadon to salivary secretion 

Because of the absence or paucity of data and the non-quantitabvo nature of 
that which exists, it would be premature to express an opimon concerning the 
ability of antihistamine drugs to antagonise the secretogogue action of histamine 
on lacnmal, salivary and pancreatic glands. Since histamme-induced gastno 
secretion was not antagonised, con^deration must be givon to the poesibihty 
that histamme acts on secretory cells through some mechanism which differs 
from that obtaining m endothelial and smooth muscle cells, or, antihistanime 
drugs do not reach or have no affimty for the elements in the seoretory cell which 
react to histamme 

Expect or AKTunsTAUiNE nanos nr anaphtlaxib and aelehot It is not 
the prune purpose of this review to present a detailed, entical evaluation of 
the evidence relatmg to fho histamine theory of anaphylaxis and allergy (cf 10, 
32, 44, 45, 60, 149) The problem is of extreme importance, however, both 
from theoretical and practical standpoints Therefore, at least a portion of 
pertinent evidence now available relative to the use of antihistamine drugs m 
elucidatmg the problem is atod 

The symptoms and reactions to histamme m a given species are nearly identi 
cal to those occurring m anaphylaxiB. The reactions to histamme differ from 
one species to another smeo different shock organs or tissues give rise to the 
dominant reactions Correspondingiy, the anaphylactic reactions differ from 
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speciea to species, but m a given species they are always strikingly similar to 
histamme reactions Antihistamine drugs should therefore be effective m 
dimmishmg histamme and anaphylactic reactions m each species if histamme 
IS significantly mvolved m anaphylaxis 
All antihistamine drugs which so effectively antagonize the bronchioconstnc- 
tive action of histamme are capable of diminishing the seventy of anaphylaxis 
m the gumea pig, m which ammal bronchioconstnction is the promment feature 
(for refs cf 32, 44, 60, 183) of anaphylaxis Anaphylaxis has been alleviated 
m mtact gumea pigs by treatmg ivith 929 F (156, 169, 170), 1571 F (109, 169, 
186), Antergan and 2325 R P (77, 103), Neoantergan (24), Benadryl (65, 107, 
165), Pynbenzamme (7, 65, 118, 122), Antistmo (127), Hetramme (59), the 
thiodiphenylamme, 3015 R P (79), anda-naphthyhnethylethyl-)3-chloroethylam- 
me (1) Tolerated doses of antihistamine drugs are more effective m the 
prevention of both histamme and anaphylactic shock than comparatively large 
and even poorly tolerated doses of atropme (77), theophylhne (52, 100, 107, 
110, 111), papaverme (62, 107, 110, 111, 169) epmephnne (77, 90, 100, 111) 
and other drugs possessmg antispasmodic action (77, 100, 142, 169) All of 
this endence, and especially that obtamed with antihistamme drugs, supports 
the behef that histamme is mvolved m producmg the symptoms of anaphylaxis 
With antihistamme drugs, the lowest doses (rarely proven to constitute 
minimal effective doses) used to demonstrate anti-anaphylactic action in gmnea 
pigs are sometunes greater than the mimmal effective doses required to reheve 
histamme shock For example, the doses of Pynbenzamme, Neoantergan and 
especially 3016 R P used to demonstrate auti-anaphylactic action (24, 65, 79) 
were appreciably greater than one would expect necessary m view of their 
effectiveness m antagomzmg administered histamme Before this type of 
data can be used as evidence that factors other than histamme are importantly 
mvolved m anaphylaxis it will be necessary to obtam quantitative data relatmg 
to anaphylactic and histamme shock under conditions as stnctly comparable 
as possible If the protective action of antihistamme drugs is satisfactonly 
demonstrated to be appreciably less agamst anaphylactic shock than agamst 
histamme shock it will still not constitute weighty evidence that some factor(8) 
other than histamme is mvolved to an important degree smce m anaphylaxis 
histamme may be released m more mtimate contact with the effector portion 
of the reactmg cells (100) than can be effected by administenng histamme 
Anaphylaxis m the dog is mtimately connected with the release and action of 
histamme (for refs cf 32, 44, 60, 183), the most conspicuous feature bemg 
hypotension resultmg from vasodilatation, mcreased capillary permeabihty, 
contraction of hepatic vems and engorgement of tissues drained by the portal 
system In a limited number of expenmente, Antergan (77) and Pynbenzamme 
(191) diminished hypotension and symptoms of anaphylaxis m dogs Wells, 
Moms and Dragstedt (183) demonstrated absence of mortahty upon mjection 
of horse serum m 22 sensitized dogs treated with Benadryl, whereas 9 or 34 6 
per cent of the 26 untreated ammaJs died The persistence of some degree of 
hypotension when shock was mduced in Benadiyl-treated animals does not 
prove that agents other than histamme were mvolved smce histamme blood 
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levels ivere increased and it was previouslj shown (182) that Bonadrj 1 diminished 
but did not abolish the hypotensive action of the quantibes of histamine invoK ed 

In rabbits, anaphylaxiB or hiatamme admmistrahon causea transient hyper- 
tension and then hypotension and death due to circulatory failure vhich is 
secondary to a marked constncUon of pulmonary blood \ essela (44) Atropme, 
epmophnne and ephedrme (177) faded to diminish the hypotension occurring 
durmg nnaphyhuns Neoantergan (24, 143) proved more cffectiie than 929 P, 
1571 F and Antergan in diminishing the hj'pertensive responses to histamine m 
non-anesthetized rabbits In anaphylasis, 929 F (178) and the sympatholytic 
agents, 933 F and 883 F, were somewhat elTectiv e m dimmlshmg reactions (174, 
176) although appreciable vasodilatation and hypotension induced with these 
agents (41) may account, m part, for the effects Additional data regarding the 
effectiveness of potent antihistamme agents, and other drugs, in controlhng 
anaphylaxis in rabbits are needed Comparisons with the effectiveness of 
aminophylline and a study of the mechanisms m\ ol\ ed would be valuable in 
view of the possibHitj that the effectiveness of ommophyllmo m “epmephnno- 
fost” asthmatic patients may bo due to its abihty to dimmish pulmonary vascular 
resistance (100) 

Followmg pubhoabon of the statement that Neoantergan actually increased 
the lethal acbon of histamine m mice (24 and cf 80), Mayer and Brousscau (119) 
compared the effects of other anbhistamino drugs in anaphylactic shock and 
histamine shock Although Pynbeniaminc reduced the sei enty of anaphvlaxis 
produced with large intravenous doses of nnbgcn, these authors statetl that 
Pynbenranune and Benadryl were both definite synergutt of histamme in mice. 
However, it appears probable that the synergism, or additii c effect, was actually 
between the anUhistamme drugs and the large volumes of acidic solution in 
jected mtravenously mto such small animals (0.25 to 0 76 ml of 2 0 per cent 
histamine acid phosphate per mouse, 1 0 ml per minute) These results cannot 
be accepted ns proof of an exception to the parallelism between histamine and 
anaphylactic shock in a given animal species 

Further evidence concerning the effectiveness of antihistamine drugs in 
diminishing or preventing anaphylactic responses is mchided in the section 
deahng with localucd cutaneous reactions to histamme and anbgens (vide supra) 
in ammnis and man 

A few studies relativ c to anaphy ia-xia tn ntro have been made The spasm of 
sensitized smooth muscle which follows addition of anbgcn to the perfusmg or 
bath fluid 18 likely duo to histamme liberated from the tissue For the most 
port the reactions ore qualitativciy and quanbtativcly typical of those induced 
by adding proper amounts of histamine 

Bronohospasm induced by adding antigen to fluid perfused through isoiatcd, 
sensitized guinea pig lungs was lessened by Benadryl (49), whereas Pynben 
zomme (192) failed to decrease spasm, possibly because large amounts of antigen 
(10 mgm of horse serum) w ere employed Perfusion experiments with isolated 
lungs are not ideally suited for quantitative determinations of the relaUve 
potencies of antihistamine drugs or for determination of quantitative relation 
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ships referable to degree of effect against antigen and histamine 1571 F (186) 
prevented antigen and histamine from decreasmg the flow through coronary 
vessels of the sensitized gmnea pig-heart 
The spasm mduced by addmg antigen to isolated mtestmal and uterme 
muscle from sensitized animals has been diminished or annulled by 929 F (156, 
169, 170), Antergan and 2325 RP (77), 3016 RP (79) and Antistme (127) 
Reactions to trypsin In view of the similanty of reactions m tr3T)sm shock 
and anaphylaxis, as well as the numerous observations which supported the 
hypothesis that the toxicity of trypsin was referable to the enzymatic release 
of histamine from tissues, it is significant that Benadryl 1, failed to provide 
protection agamst the lethal action of tiypsm m gmnea pigs and dogs, 2, only 
very shghtly diminished the hsTiotensive action of trypsm m dogs (184), and 
3, did not prevent the mcreased capillary permeabihty mduced with crystalhne 
trypsm m rabbit's skm (98) Furthermore, trypsm mjections m dogs did not 
mcrease blood hi^amme sufficiently to account for seventy of reactions (184), 
and m view of other evidence (171) it is now doubtful that the histamme hypoth- 
esis, relative to the toxicity of trypsm, is tenable 
Summary Thus the evudence cited mdicates that specific antihistamme 
drugs dimmish several pharmacological responses to administered histamme 
which are of the type which could account for a vanety of anaphylactic reactions 
These drugs also dimmish those anaphylactic responses which are considered 
as bemg due to histamme Furthermore, m several animal species a parallelism 
exists between histamme and anaphylactic responses, both of which are prevented 
or controlled with antihistamme dnigs The use of specific antihistamme 
drugs as pharmacological tools has therefore provided evidence which even 
more firmly estabhshes the concept that histamme causes the major manifesta- 
tions of anaphylaxis 

In addition, the effectiveness of antihistamme drugs m controlhng certam 
allergic manifestations m man has been established and it is pertment to note 
that therapeutic efficacy demonstrated thus far is restneted to allergic diseases, 
and possibly a few other conditions m which there are some reasons for consider- 
ing histamme as an etiological agent This constitutes strong evidence that 
histamme is mvolved to an appreciable extent m several allergic diseases 
Antihistamme drugs have been selected and partially evaluated on the basis 
of their stnkmg effectiveness in allevuatmg bronchioconstnction mduced m 
gmnea pigs with histamme or by anaphylaxis In clmical use these agents have 
exhibited much less efficacy m bronchial asthma than m angioneurotic edema, 
urticaria and seasonal rhmitis, i e , m conditions m which v'ascular reactions 
undoubtedly play a promment r61e Limitation of space does not penmt 
discussion of possible explanations of such differences, although mention should 
be made of the possibihty that bronchiolar smooth muscle of the gumea pig 
differs markedly from that m other species, both m regard to sensitivity to 
histamme and the blockmg action of antihistamme drugs 

Since antihistamme drugs do not alw ays completely block effects of histamme 
and fail to dimmish significantly certain effects such as the stimulant action o 



PHAIOUCOLOQT OF ANTIHlSTAinNE COUPOONDB 


606 


histamine on gnstnc secretory ceJla, their faflure to dimmish or prevent a given 
response does not necessarily eliminate the possibility that histamine bears a. 
causal relationship 

SpEoinomr op antihibtaminii nnoGB akd belation to autonouio func- 
tions From the experimental evidence available it appears that 1671 F, Anter- 
gan, Ncoantergan, Pyribeniamme and Antistine exert a low, and probably 
insigmficant, degree of atroplne-hko action It is doubtful whether the anti 
histamme and anti allergic activity nf Benadryl is closely related to atropme-hke 
action smee such action is weaker (112, 187) than that exerted by antispasmodio 
drugs such as Pavatnne and Trasentm which do not prevent anaphylaxis or 
efifecta of histamine on bronchioles and the vascular system In support of the 
behef that atropme-hke action of anUhistamme drugs is unimportant is the 
fact that those drugs onployed climcally seldom produce tachycardia or inhibit 
salit ation From a theoretical standpoint, even a slight degree of atropme-hke 
activity could be important if the drugs simultaneously enhanced activity of 
tissues receiving sympathetio innervation Consideration must therefore be 
given to evidence that antihistamine drugs potentiate responses to epmephrmo 
and Btimulation of adrenergic nerves 

Antergan enhanced retraction of the mctitatmg membrane m rabbits and the 
rise of blood pressure in dogs followmg injections of epmephrmo (40, 137) 
When adequate doses were injected mtravenously, Benadryl, Neoanlergan and 
Pyribeniamme increased the height and duration of the pressor response to 
epmephnne m anesthetircd dogs (112, 167, 168, 189) Sherrod el al (167, 168) 
demonstrated that this phenomenon was not referable to an ntxopme-like 
blockmg action of the antihistamme drugs on the cardiac vagus smea under the 
experimental conditions even atropme f^led to enhance the pressor action of 
epmephnne, and furthermore, the antihistamme drugs still Induced the phenome- 
non in atropinized and vagotomued dogs The biological significance of this 
potentiation of epinephrme must be questioned until the phenomenon is demon 
strated in unanesthetiied animals or man and data are adduced to snow that 
other adrenergic responses ore appreciably augmented by antihistamme drugs, 
and that this property is significantly related to antihistamine action The 
failure of Benadryl to elevate the blood sugar level m man or to decrease glucose 
tolerance (120, 144) strongly suggests that no appreciable sympathomimetlo 
action was exerted smee a scnaitivo indicator of epmephnne action is a nse m 
blood sugar (11) In cats, Pyribeniamme (189, 190) did not consistently 
enhance several responses to injected epmephnne and sympathetic nerve stimu 
lation No potentmtion of adrenergic responses has been reported to occur 
after administration of 929 F, 1671 F, and 2326 R P 

There is still other evidence that adrenergic potentiation or sympathomimetlo 
action docs not account for the pronounced antagonism of histamine effected 
by the drugs under consideration There is agreement (77, 86, 111) that ophed 
rmc fails to reduce the sov enty of bronchioconstriotion induced with largo doses 
of histamme m guinea pigs, although it did reheve bronchioconstnction in an 
asthmatic patient mjected mth histamme (35) Doses of epmephnne which 



566 


:EARIi K LOEW 


produce symptoms m gumea pigs are not as effective as tolerated doses of several 
antihistamme drugs m alleviatmg symptoms of severe histamme shock (77, 
80, 111) The author was xmable to demonstrate any synergism between 
ephedrme and Benadryl in reducmg mortality of guinea pigs upon mduction 
of histamme shock (105) A strong argument against the hypothesis that 
sympathomimetic properties, or some tj^pe of adrenergic potentiation, is a 
requirement for potent antihistamme action resides m the fact that 929 F 
antagomzes histamme as well as certam effects of epmephnne (22, 31), also 
there is the recent demonstration (1) that certam adrenergic blockmg agents 
are also exceedingly potent antagomsts of histamme, both actions bemg rapid 
m onset and of remarkable duration 

a-Naphthylmethylethyl-j8-chloroethylamine diminished or blocked adrenergic 
excitatory actions induced by nerve stimulation or epmephnne mjection in 
dogs and cats Pressor responses to epinephrme were readily reversed On a 
dosage basis, this naphthyl denvative was more effective than epmephnne in 
preventing histamme shock and anaphyladtc shock in giunea pigs In dogs, 
the hypotensive action of histamine was blocked or diminished The anti- 
histamme action could not be entirely dependent on sympatholytic or adrenergic 
blockmg action since among higher alkyl homologues of the naphthyl compound 
there were mdividual compounds ivith singular sympatholytic potency which 
did not antagomze histamme Furthermore, the author (105) has been imable 
to demonstrate antagomsm of histamme mth adrenergic blockmg agents such 
as Pnscol (83), dibenzyl-jS-chloroethylamme (Dibenamme) (134) and a senes of 
benzhydrylalkyl-/3-chloroethylammes (113) The dioxane denvatives, 2-pi- 
pendmomethyl-1, 4-bcnzodio\ane (933 F) and 2-diethylammomethyl-l, 4-benzo- 
dioxane (883 F), ivhich are best knonm as adrenergic blocking dn’gs, were 
somewhat effective m dimmishmg effects of injected histamme, ns well as ana- 
phylaxis, m rabbits (174, 175) Such effects could be related to vasodilatation 
and hyi^otension pioduced by these compounds (41) 933 F and 883 F failed 

to decrease seventy of histamme shock in gmnea pigs (105), although 933 F 
dimmished histamine-mduced mtestmal spasm (173) If some potent anti- 
histamme drugs actually do potentiate adrenergic responses Avhereas others 
exert a sympatholytic action, it is difficult to conceive that strong antihistamme 
action IS dependent on either tjqie of activity 

From the evidence now available it appears unhkely that the anti-anaphylactic 
and anti-allergic activity of Antergan, Neoantergan, Benadryl, Pynbenzamme 
and Antistme is importantly related to either an atropme-hke activity or to an 
augmentation of adrenergic responses These drugs can be regarded as fairly 
specific antagomsts of histamme Further studies relatmg to specificity of action 
are needed and the detailed study of all antihistamme compounds should obvi- 
ously mclude determmation of atropme-like, sympathomimetic, sympatholytic, 
qumidme-hke, local anesthetic, antispasmodic and other properties 

Mode of action Mode of drug antagonism may be of three t3q)es (30, 
68, 148) An example of mdirect phj^olognial antagonism is the abihty of 
epmephnne to induce biological responses which are mdependent of, and dia- 
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metncally opposed to, such aotaons of hia tnmin B as the production of broncho- 
spasm, vasodilatation, mcreased capiUnxy pormeabihty, contraction of intestinal 
muscle, etc This typo of antagonism is rather non specific in character smeo 
epmephrme mil duninish or annul certain pharmacological effects of numerous 
drugs The other two types are both direct antagonisms Drug action may be 
annulled or duninished if direct chemical reactions render the drug inactive by 
reduction, oxidation, conjugation or formation of salts or complexes. Finally, 
a direct antagonism may mvolve competition between two substances for a 
given site of action or receptive substance This type of antagonism is rin craible 
and one of the most specific in nature 

It has been repeatedly stated that there is no mdication that antilustamino 
drugs act by combmmg mth or destroymg histanuno, or by activating diamine 
oxidase or “histanunase" which are known to maotivato histamme and other 
amines, although the only pertinent evidence reported concerns 929 F (31, 169) 

The major notion of antihistamine drugs is probably exerted directly on the 
peripheral effector cells which respond to histamme smeo antagonism has fre- 
quently been demonstrated on isolated tissues or organs The antagonism 
exerted penphemlly could be modified by nervous or humoral mfluoncos in the 
Intact animal Quantitative data obtamed by Wells e( al (181, 182) indicates 
the probabihty that Benadryl nntagomses the hypotensive action of histamme 
in dogs bj adsorbing onto the site of action of histamine where it exerts no 
action except that of competing with and diminishmg the action of histamine 
The quantitative data reported by Haipem (81) concerning Antcrgan histamme 
antagonism on isolated intestinal tissue also renders it probable that a direct, 
competitive inhibition was mvolved The avniiable evidence suggests that the 
antagonism of histamme is comparable to the antagonism between atropine 
and acetylcholme, and between adrenergic bloclnng agents and eplnephrme, 
where there is a competition between two types of molecules (30, 148, 182) 

Although antagonism of histamine with drugs may be regarded as a com- 
petitive affair it does not necessarily involve compounds with close chemical 
structure as is the case with chemical analogues m the p-aminobensoio acid 
sulfonamide and other metabolite-antimetabohte systems (cf 180) Quaternary 
ammonium denvatives of Benadryl are choline ethers which possess, m addition 
to antihistamme acbon, the umque property of antagomsing acetylcholine (109, 
112 187) It is doubtful whether this chohne ether acetylcholme antagonism 
is closely related to analogous chemical structures smeo the most pronounced 
action was the chohne ether histamme antagonism where no similanty in struc- 
ture obtains Since Bov et and Walthert (24) first noted the div orsitj of the 
chemical nature of antihistamine drugs and the homogoneitj of their pharmaco- 
logical actions, several other types of antihistamine drugs have been found (I, 
80, 110) The diverse chonucol nature of compounds which antagoniro his 
tamine along with the evidence that some of these compounds also alter responses 
to acetylcholme and epinephrine, immediately suggests that their antihistamine 
action is not closely related to a competition between chemical analogues It 
would appear much more hkely that antilustammo drugs alter surface tension or 
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are adsorbed onto one or more components of the reactive tissue so as to obviate 
the usual response to histamme The specificity of antihistamme action vanes 
with different compounds for some alter the response to acetylchohne, epmeph- 
rme and possibly other substances 

Rocha e Silva (151) pomted out the fact that there is a possible mterdependence 
between the sites of attack of acetylchohne and histamme, smce adequate quan- 
tities of atropme, the specific inhibitor of acetylchohne, also antagonize some 
of the effects of histamme (cf 33) Other facts support the concept that ace- 
tylchohne and histamme act on closely related cellular components or on identical 
components m a shghtly different manner First, there is the close similanty 
of action of histamme and acetylchohne such as their secretory and vasodilator 
effects and the-spasmogemc action on utenne, bronchi olar and mtestinal smooth 
muscle Secondly, some anti-acetylcholme activity is exhibited by most of 
the agents which antagonize actions of histamme, mcludmg the antihistamme 
drugs herem discussed, ammo-acids (cf 78, 142, 160, 151), certam denvatives 
of histamme and ammo-acids (20, 150, 151), and a number of antispasmodics 
(52, 100, 108, 112, 161) 

Consideration should probably also be given to an mterdependence between 
the sites of attack of histamme and epmephrme for there are some similanties 
m their action, as well as conspicuous differences It should be noted, however, 
that most of the antihistamme drugs, under certam conditions and with proper 
doses, either enhance or dimmish certam effects of epmephrme The three 
agents, acetylchohne, epmephrme, and histamme, all occur m the animal organ- 
ism and may exert their physiological activity by actmg through closely related 
mechanisms 

Some effects of epmephrme are diminished or blocked by 929 F (22, 31) 
Dioxane denvatives (883 F and 933 F) which block or reverse certain actions of 
epmephrme (41, and cf 72) may antagonize histamme (169, 173-175), although 
the evidence is not entirely convmcmg Of especial sigmficance is the recent 
demonstration that a-naphthylmethylethyl-i3-chloroethylamme, and related 
compounds, strongly antagomze certam actions of both histamme and epme- 
phrme (1) Elucidation of the pharmacological properties and mode of action 
of compounds which antagonize both histamme and epmephnne in an extraor- 
dmary manner will mdeed be important smce comparisons can be made with 
results obtamed with those antihistamme compounds (Antergan, Neoantergan, 
Benadryl and Pynbenzamme) which, under experimental conditions at least, 
are known to enhance the pressor and possibly other actions of epmephrme 

The effectiveness of antihistamme drugs m controllmg anaphylaxis and 
allergy appears to be defimtely related to their abihty to dimmish or block the 
effects of histamme upon vascular and visceral smooth muscle and permeabihty 
' of capillaries None of the evidence suggests that antihistamme drugs mfluence 
the antigen-antibody reaction It is pertment to note that blood levels of 
histamme increased m the usual manner following injection of antigen in dogs 
protected vnth Benadryl (183) The rise m blood histamme reported as occur- 
nng m normal human subjects foUoivmg treatment vnth Antergan and Neoanter- 



PHARllACOLOGT OP ANTIHISTAMINE COMPOUNDS 


569 


gun ( 140 ) requires confirmation and explanation In amraala, Antistmo ( 128 ) 
and Antergan ( 104 ) did not inhibit antibody formation The injection of 
Pynbensainine (7) failed to chango the complement titer of serum and when 
the drug was nnxed with antibody and antigen the precipitm titer was not altered 

REFERENCES 

(1) Achenbaoh, P AND E. R, Loaw Fed Proc.0t 301, 1947 

(2) Acxeiucan D ANDH.MAtrx:B PfiQgor a Aroh. 247:633 1914 
(8) Ahuaark a Aota phydoL Scundinav 9 6,fiupplt 28 1944 
(4) Alsxakdeb F Qu&rtJ Exper PhyBioLS3j7I,1914 

(6) Akbep, Q VOS Babsouu, S SaijoiaandZ Soutdan J Phydol 103:297 1944 
(0) Abbesuan, 0 E OF KobpfandA ILLenxkbb. J Allergy 17:276, 1946, 
f7) Abbssuan C E, of KoepfakdO E Milleb. J Allergy 17:203 1946 

(8) Babb, R. L. AND hi B Sulkbebobb. J InvceLDermAt 72X1, 1946 

(9) Babnett B E, F M Babbab and 8. B Goss J Mich State Med 8oc 46 771, 

1946 

(10) Best.C H akdE W McHenbt Phydol Rov 11:371 1031 

(11) Beteb,KH, Phydol Rev 26:169 1946 

(12) BrEB,0 andM Rocrab Silva Compt read Soc debiol 129:709 1938 
(18) Blttu H F Physiol Rev 26:483 1946 

(14) Bonvallet, M akdP Decoubt Compt rend Soc debdol 138:234 1944 
(16) Bonvallxt, hL AND P Dbcoukt Compt rood Boo debiol 138:805,1944 

(16) BoQtTET, A Add, Inat Pasteur 69 55, 1948 

(17) BoqnET P Compt read Soe debiol 137:947 1943 

(18) Botnu)nE,J £.anpE R«Loew Am,J Physiol 138:341,1943 

(10) BocraqurN J B Schveii zoed Wehnuihr 76 296 1946 

(2d) Bom D , R. Hoboloib and J Fommxu Compt. rend. Boo do blol 138: 165, 1944 

(21) Bovet D ,R,HoBCLOieANDF WATTHEKr Compt rend Boc. de blot 138 99,1944 

(22) Bovrr 1) andP Madcbnt Compt rend Boo debiol 114:080 1933 

(23) Botet, D and a. M- Btaub Compt rend. Boo de blol 124 647 1937 

(24) Bovet D and F Walthebt Ann, phannaoeutiqoes fran^&ises 2 sttppl to no 4 

1 1944 

(25) BaAOTc,W Schweli med Wchnschr 76 316 1946 

(26) Bbeton A Compt. rend Boo debiol 137i254 1943 

(27) Bubchexx H B and R, L Vaeco J Pharmacol and Exper Therap 76: 1 1942 

(28) Cbliob, j , M PsmBADLT AND P l>DBf3j BuU ei m6m. Boo mdd d b6p de Paris 

66 284 1942. 

(29) Chadohabd B andP Chacobabd Compt rend Soo debiol 137:706 1943 

(80) Olabic,A j The mode of action of drags on cells WTUiamfl A WUldni Company, 

Baltimore 1933 

(31) Cliuxinko, D R., R. Hoicbdboer and F H Messeb. J Lab and Clin Med 27: 
289 1941 

(33) Code, C F Ann Allergy 3 467, 1944 

(83) CoDB O F Proo Staff Meet. Mayo Olln 20 439,1946 

(81) OaAxaacB J L and ALP Hcle. Nature 164: 18 1944 
(85) Cdbbt j j j Chn Investigation 25:703, 1946 

(88) Danielopold D , M Popesco and E hlExiNOEsco Compt rend Soe de blol 
138 380 1944 

(37) Decouet j a RjntebiandP Bonnet Compt. rend. Soe debiol 139:470 1946 

(38) Decodbt, hL J Semaine d b6p Paris 21: 707, 1916 

(39) Decodbt, P and M. Mollabet BuU et mteu Soc mtfd d b6p de Paris 68: 266 

1942 

(40) DeCdtpbb,T Arch Intemat de phannacodyn etde therap 73:360 1946 



570 


EARL R LOEW 


(41) DeVleeschhootver, G Arch interaat de phannacodyn et de th6rap 60 261 

1935 

(42) Dews, P B and J D P Graham Bnt J Pharmacol 1 278, 1946 

(43) Dragstedt, C A Quart Bull , Northwestern TJmv M School 14 283, 1940 

(44) Dragstedi, C A Physiol Rev 21 563, 1941 

(45) Dragstedt, C A Quart Bull , Northwestern Umv M School 17 102, 1943 

(46) Dragstedt, C A Quart Bull , Northwestern Umv M School 19 303, 1946 

(47) Dragstedt, C A and F B Mead Proc Soc Evper Biol and Med 32 1435, 1935 

(48) Elias, H andE H McGavack Proc Soc Exper Biol and Med 61 133,1946 

(49) Ellis, F W Fed Proc 4 117,1946 

(50) Ellis, F W and J F Newsome Fed Proc 5 176, 1946 

(61) Emmelin, N and G S Kahlson Acta physiol Scandinav 8 289, 1944 

(62) Emmelin, N , G S Kahlson and K Lindstrom Acta physiol Scandinav 8 39, 

1941 

(53) Emmbun, N , G S Kahlson and F Wicksell Acta physiol Scandinav 2 123, 

1941 

(54) Essex, H E Physiol Rev 26 148, 1946 

(65) Eyermann, C H J Allergy 17 210, 1946 

(66) Feinberq, S M j Allergy 17 217, 1946 

(67) Fejnberq, S M and S Friedlaender J Allergy 16 296, 1945 

(68) Feinberg, S M and S Friedlaender Am J Med Sci ^3 68, 1947 

(59) Fbinstone, W H , R D Williams and B Rubin Proc Soc Exper Biol and Med 

63 158,1946 

(60) Feldberg, W Ann Rev Physiol 3 671, 1941 

(61) Fischer, E Physiol Rev 24 467, 1944 

(62) Frank, D E J Immunol 62 59, 1946 

(63) Friedlaender, A S and S Friedlaender J Lab and Chn Med 81 1350, 1946 

(64) Friedlaender, S and S M Feinberg J Allergy 17 129, 1946 

(66) Friedlaender, S , S M Feinberg and A R Feinberg Proc Soc Exper Biol 
and Med 62 66, 1946 

(66) Friedlaender, S , S M Feinberg and A R Feinberg J Lab and dm Med 

32 47, 1947 

(67) Friesbn, S R , I D Baronofskt and O H Wangensteen Proc Soo Exper 

Biol and Med 63 23, 1946 

(68) Gaddum, j H Trans Faraday Soc 39 323, 1943 

(69) Gabrido, G K The effect of antihistainiDe, atropine-hke and sympathonumetio 

compounds upon histamine-mduced gastric secretion Thesis, Northwestern 
Umv Med School, 1946 

(70) Gelvin, E P , H Elias and T H McGavack J Pharmacol and Exper Therap 

89 101, 1947 

(71) Gelvin, E P and T H McGavack Bull N Y Med Col , Flower and Fifth Ave 

Hospitals 9 61, 1946 

(72) Goodman, L and A Gilman The pharmacological basis of therapeutics The 

Macmillan Company, New York, 1941 

(73) Grossman, M I and A C Ivy Gastroenterology 7 134, 1946 

(74) Guggenheim, M Die biogenen amme Karger, Basle, 1940 

(76) Hallenbeck, G A Am J Physiol 139 329, 1943 

(76) Hallenbeck, G A , C F Code and F C Mann Gastroenterology 1 688, 1943 

(77) Halpern, B N Arch intemat de phannacodyn et de th4rap 68 339, 1942 

(78) Halpern, B N Compt rend Soc de biol 139 625, 1946 

(79) Halpern, B N Compt rend Soo de biol 140 363, 1946 

(80) Halpern, B N and R Ducrot Compt rend Soc de biol 140 361, 1946 

(81) Halpern, B N and G Mauric Compt rend Soo de biol 140 440, 1946 

(82) Harris, R , T H McGavack and H Elias J Lab and Clm Med 31 1148, 1946 



PRAIUIACOLOGT OF AKTIHISTUUNE COlTPOtJNDB 


671 


(83) Ha»tiiaxk, M and H iBuai Arch f «xper Pmth u PhArtnakol IM 141,1039 

(84) Hcwirr W L ajo) J J Cukbt J I^b and CUn Mod S2 42 1W7 

(86) Inoiluiav IL 0 akd H O WiooERfl Fed Proc 6 60 1W6 

(80) IssEKtiTx B V AKD P OsKESsiCH Apch f cxper Path n Phannakol S02 201 
1948 

(87) Itt, A C Trana and Stud Coll Phyaldana Philadelphia Ut 101 1944 

(88) JouBOAN F AND J CHATcm wE T Compt rend Soe de blol ISTt 559 1943 

(89) KallOs, P AMD L KALLds-DB F FK ai u Aotamed Bcandlnav 116:409 1944 
(00) KallAa, P AKD L KALLds>DBmmB Aeta med Seandinav 116 440, 1944. 

(91) KAixds P AND W Paqxtl. Acta med Seandinav 91 292 1937 

^) Kapslleb Adl£b R Bloohem J 36: 218 1941 

(93) Kapblleb ADii£B,K Biochem J 38 270 1944. 

(94) Kellawat C H Ann Rev Biochem 8:541 1939 

(95) Koejt, G F C E Abbesilaw akd C Mtoapo J Allergy 17 271, 1946 
(00) Ewiatxowbici, H J Phytiol 102: SI, 1943 

(97) Landib, E M Physiol Rev 14 404 1034 

(08) TiABT M. R. Ai<n3 E. R. Loew J Pharmacol andExper Thenp 89 81,1947 

(99) Lehuakn O akd P K. Kkoctel. J Phannacol and Exper ^erap 74: 217 1942, 

(100) IiBxtuAKK, Q akdJ W Yoomo 3 Pharmacol andExper Thorap ^:90 1945 

(101) Levin, S J J Allergy 17 145 1946 

(102) Lettib T The blood vessels of the human and their respcmsea. Shaw and Sons, 

London 1927 

(103) Ijsta a. Compt rend Soc de blol 140:191,1946 

(104) Lbta a Compt rend Soo de blol 140: 194 1946 

(105) Lovw E R. Unpublished data 

(106) Loew, E R akd 0 CmoKESiKO Proo Soo Exper Blol and Med. 48: 65, 1941 

(107) I/OEW E R AKnM.E Kaiwbb Proo Soo £xp^ Blol and Med 68 235 1945 

(108) Lorw, E R M E Kaibbb akd M Akdbbbok J Pharmacol and Exper Tberap 

86: 7, 1946 

(109) Loew E R,, M P Kaiser akd M. Anpebbon Fed Proo 6 100, 1946 

(110) Loew, E R. M E Eaibeb and V Mooeb 3 Pharmacol and Exper Tberap 83: 

120 1945 

(111) Loew E R., M. E Kaibeb akd V Moob* J Phannacol and Exper Tberap 86: 

1,1946 

(112) Loew, E R R MaoMillam akd 5L £ Kaibeb J Pharmacol andExper Tberap 

88: 220, 1946 

(118) Loew, E r1 A. Micetich and P AcnENDAon Fed Proo , 6:851, 1947 

(114) Lonraou J E akd C E Kurndeboeb Am J Roent 66 211 1946 

(115) MaoIktobh F C Quart J Exper Phytiol S8: 87, 1938 

(116) ilABBiiAix, P B J Phyriol 102 180, 1943 

(117) Mattueboh D H W Hatb D Chebb A Caiiebok and F F Yokxuak Fed 

Proo 6: 192 1946 

(118) Mateb,R,L j Allergy 17 163 1940 

(119) Mates R.L akdD Bboobseao Proe Soo Exper Biol and Med 83: 187, 1946 

(120) Mates R L H W Hatb D Bbod8«eau, D Mathiebow, B RekkicxandP F 

Yokeuak j Lab and Clin Med 31 749 1946 

(121) Mateh R L., C P HuttbebakdC R Bchol* Fed Proo 4 129,1945 

(123) Mateb R. L C P HutttobakdC R Scbolx Science 1Q2 : 93 1945 

023) McElin T W akd B T Hobtok Proo Staff Meet , Mayo Clln. 20: 417, 1945 

(124) McEiak T W akdB T Hortow Gaalrocnterology 7 100,1946 

(125) McGavact, T n , n Euab and L J Botd Oaitrocnterology 6 439, 1948 
G20) McGavack, T H H EliabakdL J Botd J lab andClia.Med 31 560 1946 
(127) Meieb,R akdK Bocnm Bchwel* med Wchnsohr 76 294,1910 

(12S) Meieb R and K Bpcfrr.n. Experientia 2 140 1940 



672 


EAHL R LOEW 


(129) Menkin, V J Exper Med 64.485,1036 
(180) Menkin, V J Exper Med 67* 146, 1938 

(131) Menkin, V Physiol Rev 18 366, 1938 

(132) Minahd, D andS R' Rosenthal Proc Soo Exper Biol and Med 44 237,1940 

(133) Moebsch, R U , a B Rivers and C G Moelock Gastroenterology 7 91, 1946 

(134) Nickerson, M and L S Goodman J Pharmacol, and Exper Therap 89 167, 

1947 

(136) O’Lbart, P a and E M Farrar Proo Staff Meet , Mayo Olin 21 295, 1946 

(136) Parrot, J L Compt rend Soo do biol 136 716, 1942 

(137) Parrot, J L Compt rend Soc de biol 137 378, 1943 

(138) Parrot, J L andJ Lhfhbvbh Compt rend Soc debiol 137 816,1943 

(139) Parrot, J L and J Lefbbvrb Compt rend Soc de biol 137 766, 1943 

(140) Pbllbrat, j and M Murat Compt rend Soo do biol 140 297, 1946 

(141) Pfeiffer, G C Fed Proo 6 197, 1946 

(142) Pfeiffer, C C and E R Loew Ann Rev Physiol 9 651, 1947 

(143) Ramanamanjart, W Compt rend Boc de biol 138 480, 1944 

(144) Reinbtbin, H and T H McQavack J Chn Endoonnol 6. 643, 1946 

(146) Rennick, B , D Chess, H W Hats, D Mathteson, R L Mater and F F Yonk- 
MAN Fed Proo 4 133, 1946 

(146) Report of Council on Pharmacy and Chemistry JAMA 182 702,1946 

(147) Ribveschl, G and 0 M Gruhzit Fed Proo 4* 160, 1945 

(148) Roblin, R 0 Chem Rev 38 255, 1946 

(149) Rocha e Silva, M Arch Path 33 387, 1942 
(160) Rocha e Su-va, M J AUergy 16 399, 1944 

G61) Rocha e Silva, M J Pharmacol and Exper Therap 80* 399, 1944 

(162) Rocha b Silva, M and 0 Bier Compt rend Soc de biol 129 773, 1938 

(163) Rocha b Silva, M and C A Draostedt Proo Soo Exper Biol and Med 46 

303.1941 

(164) Rocha e Silva, M and C A Draostedt J Pharmacol and Exper Therap 73 

405.1941 

(165) Rose, B and J S L Browne Am J Physiol 124* 412, 1938 

(166) Rosenthal, S R and M L Brown J Immunol 38* 259, 1940 

(167) Rosenthal, S R and D Minard J Exper Med 70* 416, 1939 

(168) Rosenthal, S R , D Minard and E Lambert Proo Soo Exper Biol and Med 

62. 317, 1943 

(169) Rothman, 8 Physiol Rev 21 367, 1941 

(160) Sangster, W , M I Grossman and A C Ivr Gastroenterology 6 438, 1948 

(161) ScHAUMANN, 0 Aroh f exper Path u Pharmakol 196 109, 1940 

(162) Schindler, O Schweiz med Wohnschr 76 300, 1946 
U63) Schnitzer, a Dermatologica 91 92, 1946 

(164) ScicLouNOFF, F AND R JuNET Rev m4d de la Smsse Rom 63 670, 1943 
(166) Belle, W A Fed Proo 6 93, 1946 

(166) Sells, W A Texas Rep Biol and Med 4 138, 1946 

(167) Sherrod, T , E R Loew and H Schlobmeb J Pharmacol and Exper Therap 

89 247, 1947 

(168) Sherrod, T , H Schloembr and E R Loew Fed Proo 6 202, 1946 

(169) Staub, a 1 M Ann Inst Pasteur 63 400, 485, 1939 

(170) Staub, A M and D Bovbt Compt rend Soo de biol 126 818, 1937 

(171) Taonon, H j j Olin Investigation 24 1, 1945 

(172) Todd, L C Ann Allergy 4 282, 1946 

(173) Unoar, G , J L Parrot and D Bovet Compt rend Soo do biol 124 446, 19^ 

(174) Vallbbt-Radot P , D Bovet, G Maubic and A Holtzeb Compt rend Soc de 

biol 136 364 1942 

(176) Vallebt-Radot, P , D Bovet, G Maubic and A Holtzbr Compt rend Hoc 
debiol 186 386,1942 



PHARMACOLOOV OP ANTTHIfiTAMINE COUPOUITIMJ 


673 


(176) Vallebt Racot, P Q Maubio aitd B N Halpern Compt rend Boo. do IHol 

140 480, 1046 

(177) Vallbbt Kadot P , Q Maubio Ain> Mue Holtzeb Compt rend Boe do blol 

lS7t 164, 1043 

(178) Vaiajcbt Raj>ot, P , Q Maxtbio akd A. Hot/rtBB Compt. rend Boo de blol lS7t 

295, 1048. 

(179) Wabdooubo, H , Linquettb akd Maohon Compt rend Boo de blol 183i 417, 

1044 

(180) Welch, A. D Phyriol Rev 85 687 1M6 

(181) Welib, J a. akd H. C MoBBia. Fed Proo 4t 140, 1045 

(182) Wells,! A,H.Q Mobbxb H. B Bull akd C A. Bbaobteot J PhfvmAAcol end 

Flxper Tberap 86 128 1045 

(183) Wells J A.,H C MobbuakdO A.Deaqstedt Proe Boo Exper Blol and Med 

61 101 1046 

(184) Wells,! A.,H 0 Mobbxb akd C A Bbaostedt Proo Boo Exper Blol and Med 

63i 200 1046 

(185) WiooEBS C J Physiol Rev 82 74, 1M2 

(188) Wilcox, H B akd B O Seeoal. J Immunol iit 210, 1012 
(167) Wnn>EB.C V,M E Katbbb, M. M. Akdebsok and E M Olabsco J Pbannaool 
and Exper Tberap 87 121 1046 

(188) WoLiT, H Q Reseat Nenr and Ment Bis 83: 173, 1043 

(ISO) Yokxuak F F , B Chess H W Hatb, B Rekkicx akd R, Mates. Fed. Proo 6t 
216 1046 

(100) Yokeuan, F F B Chess, B MATiimoM akd N Hakbbn J Phaxmaool and 
Exper Tberap 87: 256, 1046 

(191) Yokioiak, F F , H W Hats akd B Renkiox. Fed Proo 4t 144 1015 
(193) YoncicAK,F F E Oppekheiueb, B Rckkioc akd ELieABErn Pellet J Pharma 
ool and Exper Tlierap 80:31,1047 



THE METABOLISM OF ACETIC ACID IN ANIMAL TISSUES 
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Although acetic acid has long been suspected to be an intermediate m animal 
metabohsm, the sigmficance of its r61e m biochemical processes has only recently 
been recognized The lack of mterest in acetic acid metabolism dunng the past 
is m part attnbutable to the madequacy of methods for identification and for 
quantitative determination of small amounts of acetic acid, and partly due to the 
fact that m isolated tissues acetic acid appears to possess only limited reactivity 

Until recently the pnncipal approach to problems of intermediary metabohsm 
has been the balance experiment, i e , the measurement of the changes m concen- 
tration of the reaction product mduced by varymg concentrations of suspected 
precursor The only reactions of acetic acid m animal tissues which could be 
reasonably well established by balance experiments were the acetylation of 
foreign ammes (1, 2) and the formation of acetoacetic acid (3, 4, 6) A much 
greater vanety of reactions mvolvmg acetic acid has been revealed with the aid 
of isotopically labeled substrates The utihty of the tracer techmque for the 
study of mtermediary metabohsm derives from the fact that with its aid bio- 
chemical conversions become demonstrable irrespective of whether or not the 
total quantity of the reaction product undergoes a change Thus the use of 
labeled acetic acid has been of particular service m detectmg acetate formation 
and in demonstratmg its participation m processes which proceed mdependently 
of exogenous acetate supply, viz , the biological syntheses of steroids, fatty acids, 
porphynn, glucose and unc acid 

In general, it will prove more useful to review a broad segment of mtermediary 
metabolism rather than the metabolism of a smgle compound Indeed, the 
great diversity of biochemical processes, catabohc and anabohc, in which acetic 
acid IS mvolved would require a much more comprehensive discussion of related 
subjects of mtermediary metabohsm than can be given here Also, the present 
review is concerned mainly with the metabohsm of acetic acid m animal tissues, 
although reference will be made frequently to processes occumng m other cells 
This will be necessary because m many cases the discovery of a biochemical 
process m microoigamsms has preceded and forecast an analogous reaction in 
animal tissues 

There is evidence to suggest that there exists a biologically active form of 
acetic acid but its identity has not been estabhshed In the present review the 
terms acetic acid, acetyl and Cj umt will be employed, sometimes interchange- 
ably, without any intent of specifsong a chemically defined entity 

TW. ACETTLA.TION BEACTioN The acetylation of foreign ammes and amino 
acids will be discussed m some detail because this reaction has been of great 
value for the elucidation of various aspects of acetic acid metabolism m animal 
tissues 
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Acetylation is one of the processes occurring wth foreign amines prior to their 
elimination from the animal body To what extent acetylation takes place 
m a given case will depend on the chemical nature and the dosage (0) of the for 
eign substance and on the species of the test animal In rats, sulfanilamide is 
in part excreted unchanged, parti> converted to N acetyl sulfanilamide and 
oxidised to a hydroxyl compound which can subsequently be conjugated with 
glucuronic acid No acetylation of aromatic amines such ns sulfanilamide 
occurs in the dog (7, 13) Also, no umque mechanism exists for the disposal of 
foreign a-amino acids of the type represented by y phenyl cr-ainmobut3Tic acid 
or cyclobexyl alaiune Xlepcnding on experimental conditions, the feeding of 
these amino arada will yield \"arymg proportions of N acetyl ammo acid hydroxy 
acid, keto add and oxidation products denved from the latter (8) Reactions of 
this kind have been classified os detoxications, a pharmacological term which 
IS generally taken to mean that the body tends to modify foreign substances in 
such a maimer as to render them less mjunous to the cell either by Increasing 
their solubUity m biological fluids, thus preventmg deposition of foreign bodies, 
or by conversion to denvatives ^hich have less affinity for anryme systems 
The observation that m some instances the toxicity and msolubility of the con 
version product exceeds that of the onginol compound, os m the case of acet>I 
BuIfaniJamide (9), has mode it evident that this type of change undergone by the 
foreign substance in animal tissues could no longer be adequately described as a 
detoxication (10, 11) Available evidence mdicates that there are but few 
organic compounds which are entirely refractory to attack by animal 
The fact that substances ore metaboUted nbich are not normally consUtuente of 
animal tissues does not necessarily imply the existence of a multitude of ensymes 
which operate only whai the foreign substance is offered to the cell Thus the 
coupUng of glucuromc acid not only with camphor, bomeol or phenol, but also 
with normally occurring steroid alcohols, or the acetylation of natural as well as 
of foreign ammo acids suggests that these conjugation reactions arc not Induced 
by the administration of foreign substances but merely reflect events which are 
part of the normal Intermediary metabolism The acetylation of a foreign 
ammo may then be attributed to an ensyme which has as its normal function 
the acetylation of a naturally occurring amine The enxymes concerned m 
‘‘detoxication*' reactions 'have not been sufficiently characteriied to answer 
the question bother there exist normal eubstrates for the enx 3 Tncs which act 
upon foreign substances The enxjinc which catalj^ies the acetylation of 
sulfanilamide has been purified (2), but the mvcstigation of substrate specificity 
has not been extended to normally occumng ammo acids p-ammo bensoio 
acid ifl acetylated by the same system although at a somewhat slower rate than 
sulfamlamidc 

As an example of a purified ensyroe ^hich docs not differentiate between a 
normal and foreign substrate, the 1 amino acid oxidase of Green et ol (12) may 
bo mentioned In the presence of the ensymo, phenylammobutync acid, a 
foreign amino acid, is oxidatively deommated more rapidly than anj of the 
natural amino acids Evidcntl>, in this case ensyraatic activity is determmed 
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by the a ammo acid configuration and not by whether the ammo acid is foreign 
to the cell 

The view that metabolic occurrences with foreign substances m animal tissues 
nurror normal events formed the basis for the classical mvestigations of 
Neubauer, Khoop and Dakm, who employed phenyl-substituted compounds as 
models for the study of fatty acids and ammo acid metabohsm It attests to 
the vahdity of the onginal concepts that the conclusions arrived at by these 
mvestigators some forty years ago have not required any fundamental revision 

Acetylation of amines FoUowmg the early findmg of Cohn (13) that p-mtro- 
benzaldehyde was converted by the dog to acetyl p-ammobenzoic acid, acetyla- 
tion was more closely mvestigated with the phenyl denvatives of glycme and of 
a-ammobut 3 Tic acid (8, 14) Although these experiments were designed to study 
synthesis and degradation of ammo acids, they 3 rielded equally important evi- 
dence with regard to the participation of acetic acid m mtermediary metabolism 
Knoop (8) showed that the feedmg of racenuc phenylammobut 5 nc acid led to 
the excretion of an opfacally active acetyl denvative which he found to be identi- 
cal with the acetyl compound formed m the ammal from -y-phenyl a-ketobutync 
acid Knoop erroneously assigned the unnatural configuration to this acetyl 
ammo acid and concluded that the acid of natural configuration had been 
converted to the acetyl denvative of the unnatural isomer Similarly the acetyl 
denvative of what Knoop beheved to be 1-phenylalanme was excreted unchanged 
while the acetyl denvative of the ammo acid of opposite configuration, judged 
from the behavior of the racemic acetyl ammo aid, appeared to be readily 
metabolized (15) In view of these findings Knoop was unable to retam his 
onginal su^estion that acetylation was a process of normal ammo acid metab- 
ohsm However, when the configuration of the stereoisomers of phenylalanme 
was established by du Vigneaud and Meyer (16) it became clear that the con- 
figurations assigned by Knoop were mcorrect and that, as was subsequently 
shown by du Vigneaud and Insh (17), the acetylphenylalanme which was 
metabohcally mert belonged to the d-senes The same authors demonstrated 
that the acetyl compound excreted after feedmg of racemic phenylammobutync 
acid was denved from the 1-acid and that it was the ammo acid of unnatural 
configuration which underwent optical mveraon These findmgs re-established 
the experimental basis for the acetylation h3q3othesis Knoop had onginally 
suggested that acetylation was part of a synthetic process leadmg to acetylammo 
acids by condensation of the correspondmg keto acids with pyruvic acid and 
ammoma, m analogy to the m vitro reactions descnbed by Erlenmeyer (18) and 
deJong (19) That acetylation was not necessarily linked to the amination of 
keto acids was shown by du Vigneaud et al (20), who found that phenylammo 
butyuuc acid labelled with retamed during its conversion to the N-acetyl 
denvative nearly all of the onginally present, mdicatmg that acetylation of 
the ammo or immo acid had occurred On the other hand, was entirely 
replaced by normal mtrogen when similarly labeled d-phenylammobutync was 
converted to the acetyl 1-acid, a result which pomted to the mtermediate for- 
mation of phenylketobulync acid No need exists to postulate two separate 
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menhnnimnB for the acetylation of the laomeno ammo aoida if it is aaaumed that 
acetylation is preceded by invereion of the d to the 1 acid The same authors 
also studied the acetylation of phenylaminobutync add m ammals whoee body 
flmda were ennched with DiO One atom of deutenum was mtroduced at the 
a carbon atom during the acetylation of both isomenc phenylammobutync acids 
This can bo erplamed readily m the case of the d acid as resultmg from the reduc- 
tive ammation of the intermediate keto acid by hydrogen derived from the labeled 
body fluids. On the other hand, mtroduction of deutenum at the oi carbon atom 
of the acetyl 1 acid without simultaneoua detachment of nitrogen, as shown by the 
retention of N“ can be vieuahied only if there exists an equilibrium between 
ammo and immo acid which permits reverdble hydrogenation and dehydrogena- 
tion du Vigneaud et al (20) therefore suggested a mechanism of acetylation 
in which condensation of the inuno acid with pyruvic aad was the mitial step, a 
scheme nlnn to that of Knoop (8) with the difference that the imino aoid takes the 
place of keto acid plus ammonia. Tho formulation of the reaction was based on 
the assumption that pyruvio acid was the most likely source of acetyl The 
subsequent demonstration that acetao acid is an acetylatmg agent for amines 
(1, 21) cliininated the necessity to associate the reversible hydrogenation-dehy 
drogenation, as mdicated by the uptake of isotopio hydrogen at the a carbon of 
acetyl amino adds, with the acetylation reaction It is more likely that aromo- 
umno acid equillbna are established mdependentJy of the acetylation reaction as 
a general property of ammo acids In some instances the acetylation of foreign 
ammo acids of unnatural configuration seems to proceed more rapidly than 
oxidative deamination and subsequent inversion S bensyl d^iysteme (22), 
p-bromophcnyl and p-bromobensyl d-oysteme (23) are in part converted to 
acetyl d amino acids These results provide additional evidence that acetyla 
tion can be independent of the ammation of keto acids 

PrecunoTS of acetyl group* From tho many attempts to identify tho nature 
of the acetyl precursor by balance expenmenta with mtact ammals no clear 
picture has emerged For instance, there are report* both that the dietary 
addition of acetate depresses (24, 25) and mcreases (26) acetylation of sulfanil 
amide. In balance experiment* with mtact animals a significant answer is to be 
expected only if the exogenous supply of precursor is tho limiting factor The 
probable acetyl precursors such as acetate, pyruvate, or acetoacetatc must bo 
avallablo from metabohe reactions m much greater quantities than are required 
for tho acetylation of the relatively small amounts of foreign amino which can 
be given to ammals so that tho dietary addition of precursors is unlikely to 
influence tho yield of acetylated product Direct endence concernmg the 
sources of acotvl groups for foreign ammes has been obtamed from feeding 
experiments with isotopically labeled test substances Bernhard has adminis- 
tered to humans and rabbits deuterio acetic acid (21) rmd deuterio ethanol (27), 
as a source of acetyl for either sulfanilamide, p-ammo benioic acid or cjclohcxyl 
alanine (28) In ail cases high concentrations of deutenum were found in tho 
excreted acetyl denvatives, demonstrating the conversion of both acetate and 
ethanol to acetyl groups for aromatic ammes and foreign a ammo acida. Bimilar 
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results were obtained with the stereoisomers of phenylammobutsoic acid by 
Bloch and Rittenberg (29, 30), who studied the quantitative aspects of the 
acetylation reaction When equal amounts of labeled acetate are fed together 
with either d- or l-phenylammobutymc acid, or with sulfanilamide or p-amino 
benzoic acid, the excreted acetyl groups contam m all cases about the same 
concentrations of isotope This indicates that acetic acid is an equally efficient 
source of acetyl groups for the two types of foreign ammes represented by 
phenylairunobutymc acid (a ammo acid) and sulfanilamide (aromatic amine) 
From the data obtamed it was concluded that acetic acid is the mam source of 
acyl groups m the acetylation of foreign ammes The level of isotope m the 
excreted acetyl groups amounts to a relatively small fraction only of the labeled 
acetic stcid admmistered This dilution of isotope is believed to result from the 
mixmg of the exogenous labeled acetate with acetic acid ansmg m mtennediary 
metabohsm (30) 

The abihty of acetic acid to acetylate ammes is also clearly mdicated by 
experiments with sunuvmg tissues and tissue extracts Acetylation of 
sulfanilamide has been mvestigated m shoes of gumea-pig liver by Klein and 
Hams (1) and m homogenate and extracts of pigeon hver by Lipmann (2) 
In these mvestigations the aromatic ammes, sulfanilamide and p-ammobenzoic 
acid, were used as acetyl acceptors because conjugation could be followed con- 
vemently by determination of the disappearance of diazotizable amme That 
acetyl sulfanilamide was the product formed was established by isolation In 
these systems acetate was the most potent acetyl donor, while acetoacetate and 
pyruvate showed a lesser effect The results suggest that the immediate reactant 
IS either acetic acid itself or a C 2 compound which under these conditions arises 
more readily from acetate than from pyruvate or acetoacetate Five tunes as 
much acetylsulfamlamide was formed under aerobic than under anaerobic 
conditions (2) The linkin g of acetylation with an oxidative process is further 


illustrated by the findmg that the acetate effect is abolished by oxidation poisons 
such as cymnide or lodoacetate (1) Although oxygen does not enter mto the 
formal equation of the acetylation by acetate, aerobiosis is required to supply 
the energy for the condensation Lipmann has demonstrated that acetylation of 
sulfanilamide takes place also anaerobically if “energy nch” phosphate m the 


form of adenosme triphosphate is provided (2) It is not hkely that the function 
of adenosme tnphosphate consists m the formation of acetylphosphate ^ance the 
addition of this compound does not elevate the level of anaerobic sulfanilaimde 
acetylation The enzyme system concerned m the acetylation of these aromatic 
ammes is most abundant m pigeon hver and has been found to be ex'tractable (2) 
A different enzyme seems to be responsible for the acetylation of a ammo acids 
by acetate Bloch and Borek (31) found, with the aid of deuteno acetate, 
acetylation not only of 1-phenylammobutync acid but also of the natural ammo 
acids, leucine and phenylalanme The yields of acetylammo acids were much 
higher ■with slices from rat hver than from those of gmnea pig or pigeon After 
incubation "with labeled acetate, ammo acid and non-isotopic acetylammo aci 
as a earner, the quantities of acetylammo acid formed could be calculated from 
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the isotope content of the isolated acotylammo acid The amounts of acetjl 
compound obtained with phenylammobutync acid were much greater than with 
the two natural ammo acids, presumably because the acetyl donrativo of the 
foreign ammo acid is not further metabolised while the acetylated natural ammo 
acids seem to be short-lived mtermediates Thus, under the same experimental 
conditions the acetyldenvatlve of a natural ammo acid, acetylglycme, ivaa found 
to bo deacetylated 

These results mdlcate that aromatic amines and both natural and foreign 
o-ammo acids effectively utilise acetic acid as a source of acetjl groups It is 
evident that whatever the nature of the Ci compound which is the immediate 
acetyl precursor, it can readily be formed from acetic acid itself The effect of 
adenosme tnphosphate on the acetylation reacbon obsened by Lipmann (2) 
suggests that the condensation between the carboxyl group of acetic acid and the 
amine mvolves the elimination of phosphoric acid rather than of water Smce 
the effect of adenosme tnphosphate cannot be attnbuted to the mtermediary 
formation of acetylphosphate, the possibUity remains to be explored that phos- 
phoiylated sulfanilamide or an acetyl denvative of adenosme tnphosphate may 
be formed as intermediates 

The existence of a second mechanism of acetylation and of another source of 
acetyl groups is mdicated by results obtained with labeled alanme (20, 30) 
Alanme which oontams deutenum at the a and /3 carbon atoms causes the 
excretion of deuteno acetyl groups when phenylammo butyric acid is simul 
taneously administered, but only a slight excess of isotope is found m the acetyla 
tion product when sulfanilamide or p-ammoben*oio acid are fed as acetyl 
acceptors Since alanme, m contrast to acetate, provides acetjd groups for 
a amino aada ony, its effect cannot be explamed on the basis of mtermediate 
formation of acetio acid The effect of alanme may reasonably be ascribed to 
the condensation of a Cj compound, presumably pyruvic acid, with an immo 
acid and subsequent decarboxylation of the condensation product to an N acetyl 
derivative In this case the failure of alanme to acetjlato aromatic ammes can 
be readily understood smce immo acids cannot anse from aromatic ammes 

The above result which provides experimental evidence for the acetylation 
schemes suggested by Knoop (8) and du Vigneaud et al (20) Is of mterest m 
several respects The reaction 

CH.COCOOH + RCH(NH0COOH + iO, -* RCH(NHCOCIH,)COOH + 
CO, -f H,0 [1] 

can bo assumed to proceed with an overall decrease of free energy so that it 
becomes unnecessary to postulate the mtermediate formation of an active C, 
compound ns the immediate precursor of N-acetyl groups. This is m contrast to 
the acetylation of nimnes by acetic acid which is an endergomc process and there 
fore reqmres coupimg with an energy juelding reaction The comersion of 
pyruvic acid to acetyl amino acid, by effecting the degradation of a three carbon 
compound to a Cj imit without mtermediate formation of free acetic acid, offers 
a possible mechanism for the conversion of pyruvate to the oxidation level of 
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acetate, a step m the oxidation of carbohydrate which is httle understood at 
present 

That there may exist a connection between acetylation reaction [1] and the 
formation of acetoacetate from p3mivate has been pomted out by Krebs (32) 
The fact that ketone body formation from pyruvate m hver is greatly enhanced 
m the presence of ammoma (33, 34) can be explamed on the basis of acetylanuno 
acid formation from keto acid, ammonia and pyruvate, and subsequent condenss' 
tion of acetyl groups to acetoacetate Formation of an N-acetyl denvative from 
pyruvate has so far been demonstrated only with phenylammo-butync acid but 
not with natural ammo acids Also, the abihty of N-acetyl groups to yield 
acetoacetate remams to be tested 

The direct participation of acetoacetate as an mtermediate m the acetylation 
of ammes by acetic acid has been considered but appears unlikely m view of 
the foUowmg findmgs (29, 30) deutenoacetyl groups are formed from butync 
acid labeled with heavy hydrogen either at the a or the 7 carbon atoms, mdicatmg 
that both two carbon moieties of the mtermediate acetoacetic acid are employed 
for acetylation Secondly, deutenoacetic acid which also contains C“ at the 
carboxyl position affords N-acetyl groups m which the relative proportion of C*' 
and D remams unchanged The formation of acetoacetate from such doubly 
labeled acetate would entail replacement of deutenum by normal hydrogen, but 
no loss of C'*, as the result of the foUowmg reactions 

-HDO 

2CDaC»OOH 

+H1O 

-D 

CDaC^OCDjO’OOH <. - - T = rr> CDsC»ONar=CDC»OOH [2] 

-f-H 

1 

(CD,C"0) + (CH,C‘*0) 

Amy acetyl formed by way of acetoacetate should therefore have a d imini shed 
D C*® ratio Smce the conversion of acetate to N-acetyl is not accompamed by 
any loss of carbon-bound deutenum, acetoacetate may be ruled out as an mter- 
mediate step The fact that the D C** ratio is not affected m a reaction m which 
acetic acid is utihzed also speaks against a rapidly occurrmg mterconversion of 
acetate and acetoacetate m the mtact animal The significance of this findmg 
with regard to fatty acid catabohsm will be discussed later 

Metabolism of acetylamino acids The occurrence of a process by which acetyl 
groups can be distnbuted between ammo acids is suggested from data obtamed 
with labeled acetylanuno acids (35) These experiments were earned out m 
order to determme whether the acetyl denvatives of natural ammo acids can be 
biologically deacetylated Any acetic acid hberated from these compounds 
should become demonstrable by its capacity to acetylate foreign ammes When 
the deuteno acetyldenvatives of glycme, alanme, leueme or glutamic acid were 
fed together with phenylammobutjTic acid, deutenum was found m the excreted 
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acetyl phenylaminobutyno noid, but tbe level of isotope was very much higher 
than that obtained after feeding of equivalent quantities of labeled acoHc acid. 
This result was interpreted 'as showing that the foreign amino acid had received 
acetyl by direct transfer from the administered acetjdamino acid and that in the 
process no intermediate formation of free acetic acid had occurred The high 
isotope concentrations m excreted acetylamme were not obtained when p-ammo 
bensoic acid was the foreign amine. In the transfer of acetyl groups an a amino 
acid is therefore necessary as an acetyl acceptor Only the acetyl derivatives of 
natural amino acids can serve as acetyl donors, the labeled acetyl derivatives of 
d alanine, d leucine and sarcosme failed to yield deuteno acetyl groups These 
resulta paralled those obtamed with acetyl d^imino acids m growth experiments 
and substantiate the conclusion that no biological meebanism is available for 
the deacylation of acetyl d.ammo adds. The fact that or-amino acids are 
necessaiy both as acetyl acceptors and as acetyl donors may perhaps Indicate 
that the transfer reaction is coupled with dehydrogenation at the a carbon atom 
of the ammo acids and that in order to allow the reaction to occur the stenc 
configuration of the hydrogen at the a carbon must be that of the natural ammo 
acids Data on the acetyl transfer reaction have so far been obtamed only with 
phenjdammobutyno acid as acetyl acceptor In two the acetyl deniabves of 
natural ammo acids do not accumulate sufficiently to permit their isolation. 
Transacetylabon as a process which operates between two natural ammo acids 
therefore remains to be demonstrated 

Oigamo chemical reacbons represenbng mtermolecular transfer of acetyl 
groups to ammo acids have been known from the invesbgabons of Bergmann 
et al Bergmann du Vigneaud and Zervas (38) found that the acetyl groups of 
diaeetyl diketopipeiaxme are readily shifted to free ammo adds. The reaction 
proceeds in aqueous solubon at room temperature 

Acetyl anhydropepbde + amino add — * anhydropepbde + acetylammo acid [3] 

Acetyl transfer was also shown to occur with a histidine denvabve which 
oontamed the acetyl subsbtuent at one of the imidarde mtrogen atoms (37) 
Evidently an acetyl group is more reachve when linked to a secondaiy mtrogen 
and its transfer to a prunary ammo group tn vUro will therefore occur spon 
taneously This raises the possibility that the acetyl donor concerned in the 
biological transfer of acetyl groups may bo an N-.aoetylpepbdB rather than a free 
acetylamino acid. On the basis of these modd reacbons Bergmann and Zervas 
(37) suggested that acetylamino acids might play a lAle in the biological forma- 
tion of peptide bonds This hypothesis assumes added significance in view of the 
demonstration that the acetyl derivatives of natural amino acids are biologically 
formed (31) and that a mechanism exists for the shifting of acetyl groups from 
one ammo add to another (36) 

The formation of an acetylammo add presumably requires a very similar 
quontitj of energy as the formation of a peptide bond, Le,25to30Kcal (38) 
This energy can readily bo supplied by the aootylabon mechanism [1] which 
involves the conversion of pyruvic acid to N-acetyl On the other hand, it Is 
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not clear which energy yielding step facilitates the acetylation of ammo acids 
by acetate 

Acetyl ammo acids may react with free amino* acids m two ways 1 , by 
acetolysis 

IliCHNHiCOCHa”"HOfoC CHRj RiCH NHCOCHR, 

I + — 1 1 ! [4] 

COOH NH, COOH NHj 

This reaction should mvolve only a small change of free energy 
Or 2, 

RiCHCOOH HjNCHR, RiCHCONHCHR, 

I +1 > I \ [6] 

NHCOCHa COOH NHCOCH 3 COOH 

The second reaction, which would yield an acetylpeptide, is analogous to the 
acetylation of ammo acids by acetic acid, an acetammo acid bemg the acetylatmg 
agent instead of acetic acid It may be pomted out that as a result of acetyla- 
tion, the amphotenc ammo acids are converted mto strong acids (39) 

The abihty of the animal organism to utihze acetylammo acids is also 
illustrated by the findmg that, with the exception of a-N-acetyl lysme (40), the 
acetyl denvatives of essential ammo acids are nutntionally eqmvalent to the 
free ammo acids This has been tested m growth experiments with the acetyl 
denvatives of tiyptophane (41, 42), phenylalanme (43), and bistidme (44) The 
abihty of acetylglycme to raise the level of hippunc acid excretion m rabbits 
above the normal suggests conversion of the acetyldenvative to the free ammo 
acid (46) In those instances m which the acetyl ammo acid can take the place 
of an mdispensable ammo acid, the correspondmg a keto or a hydroxy acids will 
hkewise be capable of supportmg growth (46) It is therefore not clear whether 
regeneration of the free ammo acid from the acetyl denvative mvolves direct 
deacetylation by hydrolysis or whether it is due to a process which regenerates 
the ammo acid by way of the a-keto or a-hydroxy acid The observation that 
a-N-acetyllysme cannot support the growth of rats on a lysme deficient diet 
has been mterpreted by Neuberger and Sanger (40) as suggestmg rapid oxidation 
of the e ammo group of lysine pnor to deacetylation However, it is also possible 
that the a-keto acid is formed directly without passmg through free lysme as an 
mtermediate The a-keto acid of lysme is not known, but it may be presumed 
to be mcapable of substitutmg for lysme m supportmg growth because the a- 
mtrogen of l 3 ^sme, m contrast to that of other ammo acids, cannot be replaced 
metabohcally by mtrogen from other sources (47) and because d-l 3 ^me cannot 
support growth (48) On the other hand, Neuberger and Sanger (40) found 
6 -N-acetyllysme to be nutntionally eqmvalent to lysme, suggestmg a process of 
metabolism m which the acetyl group is removed by hydrolysis to regenerate free 
l 3 ^sme In agreement with this observation Bloch and Rittenberg found deuteno 
e-N-acetyllysme to yield acetyl groups for the acetylation of foreign ammes with 
an isotope content to be expected from hydrolysis of the acetyl ammo acid 
(unpublished experiments) 
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The eniyme systems catalyimg deacetylations show specificity with respect 
to the spatial configuration of the acetyl ammo acids Thus the acetyl denva 
fives of d tryptophane (43, 49), d phenyl alanme (17) and d leucme (36) are 
metabohcaDy mert, acetyl d phenylalanme has been recovered unchanged from 
the urme of the espenmenta] animats (17) The sulfur of acetyl d-cystme is 
resistant to oxidation while acetyl l-eystmo is readily metabolised (60) The 
unavailabihty of acetyl d ammo acids must be due to the mabUity of animal 
tissues to deacetylate because the corresponding free d-ammo acids can be 
utilised and can replace nutntionally their optical antipodes (49, 51, 62) This is 
further illustrated by the failure of the deuteno acetyl derivatives of d-alanine 
and d leucme to yield labeled acetyl for the acetylation of foreign ammes (36) 
Some significance may be attached to the fact that whereas deamination occurs 
readily with both Btereoisomem of most amino acids, only the acetyl ammo acids 
of natural configuration are metabohsed by ammal tissues. 

Acetylation may be associated with the formation of ammo acids from Keto 
acids and ammonia but it can also occur subsequent to ammo acid synthesis 
It is thus conceivable that acetylation may be concerned m the catabolism of 
ammo acids. The followmg findmgs are of mterest in this connection The 
observation already mentioned of Neuberger and Sanger (40) that a N acetyl 
lysme cannot replace lysme for support of growth mdicates that the compound 
IS not deacetjlated but that it may bo directly converted to the nutritionally 
meffeotivB o keto acid. Secondly, it has been found that on feeding of acetyl 1 
phenylalanme to rats, phenyiacebo acid can be isolated from the urme in the form 
of phenacetuno amd (Unpublished observabon of the author ) Since this 
compound was not obtainable after the feedmg of free 1 phenylalanme it would 
appear that the acetyl derivative n-as deammated more readily than the free 
ammo acid. 

Formation op Acirno Acm The first suggesbons of a formabon of acetic 
acid m quanbty m animal metabolism were contained m experiments of Knoop 
(63) and Dalm (64) on the biological degiadabon of phenyl subsbtuted fatty 
acids The excretion of either phenyiacebo acid or benioic acids (or their 
conjugabon products with glycme), depending on the number of carbon atoms 
m the ahphabo cham of the test substance, ivas most reasonably explamed as 
resulting from the successive removals of two carbon fragments, by hydrolysis of 
an mtennediato P keto acid. The exact nature of the two carbon fragments 
could not be nscertamed, but chemical considerabons pomted to acebc acid or 
an acetyl compound Acebc acid has been proposed repeatedlj ns an mter 
medmte m the mam path of carbohydrate oxidation Thunberg (66) suggested 
that oxidabve decarboxylabon of pyiuvio add gave nse to acetic acid, two 
molecules of which were dehydrogenated to form succimo acid In the course 
of their metabolism, soveral amino acids form mtermediates which are idenbcal 
with products of either carbohydrate or fatty acid breakdown, poinbng to 
protem ns a potential source of acetic acid Thus it was conceivable that the 
motaboho paths of the three major dietary tmd tissue components, fat, carbo- 
hydrate and protem, would converge at the two carbon stage and that, once this 
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stage had been reached, only one conunon mechanism of oxidation would be 
required It is mterestmg to note that the pnncipal aspects of this theory of 
mtermediaiy metabohsm which, at the time, rested on httle experimental 
evidence, have required revision m a few details only Experiment^ evidence 
m its favor contmues to accumulate 

The occurrence of acetic acid in animal tissues As an mtermediate m the mam 
cham of metabohc reactions, acetic acid should contmually arise m large quan« 
titles Analysis of tissues and body flmds reveals that m the equibbnum state, 
acetic acid is present m quantities which are barely detectable (66) Acetic 
acid m the form of its dmitrophenylhydrazide has been isolated from large 
quantities of beef hver (67), but it is not clear whether the material thus obtamed 
was an artefact formed durmg the isolation procedure Specific methods for 
the determination of small quantities of acetic acid m biological mixtures are 
not available, it may also escape detection because it seems to be firmly bound 
to protem m biological media (68, 69) Nevertheless, even if acetic acid were 
found to be practically absent, the suggested r61e of acetic acid as a major prod- 
uct of catabohsm would not be contradicted The condition which has to be 
satisfied, and which apphes to all metabohtes which he on the mam metabohc 
paths, is a capacity of the tissue to metabohze the mtermediate as rapidly as it is 
formed The concentration of the metabohte at any one time wiU then be 
irrelevant The insignificant concentration of acetic acid and other fatty acids 
of mtermediate size m animal tissues has been cited as evidence against the 
theory of /3 oxidation (60) If this objection were vahd, the same reasorung 
would apply to numerous commonly accepted mtermediates of protem and 
carbohydrate metabohsm, because the demonstration of their presence m normal 
tissues has not been experimentally feasible 
Evidence for the occurrence of a metabohte which does not normally accumu- 
late m sufficient amounts to permit analytical detection can be obtamed with the 
aid of the isotope dilution method. If the isotopic analogue of a suspected mter- 
mediate IB admmistered to an ammal, or added to an isolated system, and subse- 
quently recovered either as such or m combmed form, a dimimshed isotope con- 
tent of the isolated matenal will mdicate that the test substance had merged with 
identical unlabeled molecules formed m the tissues Bernhard, m an mvesti- 
gation of the acetylation of foreign ammes with labeled test substances (21) 
found that the acetyl groups of excreted acetyl sulfanilamide contamed 5 per 
cent to 20 per cent as much isotope as the deuteno acetic acid added to the diet 
He concluded that the fraction of acetyl groups contnbuted by exogenous acetate 
was related to the difference of isotope content m the test substance and excreted 
acetyl These findmgs suggested that the acetyl precursor consisted of a mixture 
of dietary and endogenous acetic acid The possibihty that the acetic acid ex- 
creted by the animal m the form of acetylamme was a representative sample of the 
acetate existmg m the metabohc pool offered an experimental approach to a quan- 
titative determmation of this metabohte m the mtact animal From such experi- 
ments, Bloch and Rittenberg (30) have concluded that the isotope dilution 
obtaimng m the acetylation process can be attnbuted to the mergmg of labeled 
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dietary acetate with acetate ansing in metabohem The magnitude of the dilu- 
tion factor indicates that the quantities of acetic acid produced are largo 

In order to asoertam the correctness of this conclusion it was neccesary to 
oonsidor the foUowmg sources of isotope dilution apart from that caused by endo- 
genous acetate 1, rate of the acetylation reaction, 2, labiliaation of the C — H 
bond m the methyl group of deuteno acetic acid, 3, acetylation by precursors 
other than acetic acid 

1 Smce the acetyl derivatives of foreign amines are not stored by the animal 
but excreted mto the urme soon after their formation, the rate of the reaction 
need not be considered The isotope concentration of excreted acetyl is the same 
irrespectivo of the length of time during which labeled acetate is administered 
2 In one of the acetylation exponmenta, a preparation of acetic acid which 
contamed deuterum m the methyl group and a carboxyl group labeled by C** 
was administered simultaneously with phenylaminobutync acid The acetyl 
group of the excreted aoylammo acid contamed the two isotopic markers in 
much smaller concentrations, but the ratio of 0“ D had remamed unchanged 
This finding eliminates loss of deuterium as a source of isotope dilution and also 
attests to the biological stabihty of the C — H bonds m the methyl group of 
acetic add 3 If the acetyl groups were derived not only from acetic acid but 
also from other precursors, such acetyl groups would be non isotopic and hence 
diluto the deuteno acetyl groups which ongmate from labeled acetate Evidence 
for the contention that acetate may be the only source of acetyl groups for 
aromatio anunes (sulfanilamide, p anunobenzoic acid) and the major one in the 
acetylation of a ammo acids has been discussed aboi e It is based on the finding 
that In identical feedmg experiments, acetic add effects much higher isotope 
concentrationB m excreted acetj 1 than imy other compound tested According 
to Bernhard (27) labded ethanol is a better source of acetyl than acetic acid, but 
m the experiments of Bloch and Rittenberg (29) ethanol and acetate were 
equally effective On the basis of available evidence it seems hkdy that alcohol 
13 rapidly oxidised to acetic acid and thus becomes a source of acetyl groups 
Still, the possibility exists that a Ci compound which is readily available from 
both alcohd and acetate is the immediate acetylating agent 

The finding that alamno is a source of acetyl groups for foreign a ammo acids 
but not for foreign aromatic anunes has been attributed to a condensation of 
pyruvic acid with the immo acid domed from phenylammobutyno acid Whilo 
these results establish the existence of a second source of acetyl groups for 
a amino acids, they do not mvnhdate the contention that m the acetylation of 
aromatic anunes acetio acid serves as the sole source of acetyl groups It ivas 
therefore reasonably cell established that m feedmg expenmonts ivith labeled 
acetate the change m isotope concentration occurring m the acetylation reaction 
provides a direct measure of endogenous acetate production By applymg the 
equation for isotope dilution (61), the quantity of acetate formed bj the rat m 
a 24-hour penod was calculated to bo 15 to 20 mM per 100 grams, or approxi 
mately one per cent of the body weight This value could be in error m either 
direction if the ingested acetic acid failed to mix adequately with the acetate 
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of the metabolic pool, m which case either the dietary matenal or the endogenous 
acetate might be employed preferentially for Acetylation However, the follow- 
mg considerations lend support to the correctness of the above calculation the 
isotope cgncentratio-i of excreted acetyl was found to be directly proportional 
to the total quantity of labeled acetate administered per umt of body weight, and 
hence the calculated value for ^cetate production m vivo is mdependent of 
dosage vanation over a wide range This findmg pomts to a rapid mer^g of 
dietary acetate and the acetic acid formed m the tissues 

In miro studies by EHem and Hams (1) mdicate that the acetylation reaction 
IB confined to the hver The sample of acetate which becomes trapped by form- 
mg acetylamme is therefore representative only of the hepatic acetate pool Of 
the acetic acid of extrahepatic ongm, only the fraction which escapes oxidation at 
the site of formation and is dispatched to the liver wiU be measured m the acetyl- 
ation reaction The resultant error cannot be assessed at the moment, because it 
IS not known to what extent acetyl- 5 aeldmg reactions take place m extrahepatic 
tissues 

Lorber et al (62) perfused the isolated heart with labeled acetic acid and 
found that the latter was apparently diluted by normal acetate m amounts corre- 
spondmg to those calculated for the mtact rat (30) 

R Q measurements of animals m the fastmg state (63) and after hepatectomy 
(64) have been mterpreted as mdicatmg fatty acid oxidation in organs other than 
the hver Stadie (65) has calculated that m the animal depleted of carbohydrate 
stores, the energy requirements cannot be met by hepatic production of ketone 
bodies The occurrence of extrahepatic fat oxidation is illustrated by experi- 
ments of Lehnmger, who showed that palmitic and octanoic acids are metab- 
olized by a heart muscle preparation to yield succmate and ketoglutarate (66) 
An mdependent estimate of the size of the metabolic acetate pool has been made 
on the assumption that a molecule of fatty acid of average size (Cie) suelds on 
degradation eight molecules of acetate With the aid of available data on rates 
of fatty acid regeneration (67) it is possible to calculate how much acetate should 
arise m a given period of tune if fatty acids were the only source The quantity 
thus calculated agrees closely with that obtained expenmentally by isotope 
dilution measurements 

Aceitc acid formatton from fatly acids Fatty acid oxidation* has been mvesti- 
gated in a vanety of systems, viz , m the fastmg or diabetic ammal, m perfused 
livers, m vanous hver preparations, and m the intact animal with the aid of 
labeled test substances Under all conditions axcept those mentioned last, 
acetoacetic acid is the prmcipal product of the oxidation process Leloir and 
Mufioz (68) detected acetic acid m the course of octanoate oxidation by hver, 
but the amount was msigmficant compared with the quantities of ketone bodies 
which accumulated Deuel and co-workers (69, 70) found a uniform mcrease 
of ketone body excretion with mcreasmg chain length of the fatty acid, admm- 
istered as salt or ethyl ester, to stanong rats In isolated hver, the yields of 

For a detailed consideration of this subject the reader is referred to the review by 
Stadie (60) 
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ketone bodies per molecule of fatty add obtained by different mvestagators differ 
widely (71 to 74), dependmg apparently on the previous treatment of the liver 
tissue In miro, fatty adds appear to become increasmgly resistant to oxidation 
as the length of the chain mcreases The depressing effect of higher fatty acids 
on the respuation of isolated tissue, noted by Quaatel and Wheatley (71), has 
been attnbuted to their surface activity Lehningor has been able to show, 
however, that oxygon uptake can be restored and that the higgler fatty acids can 
be oxidised by addition of adenosme triphosphate to the hver system (74) 
Under the experimental conditions of this mvestigator the carbon atoms of some 
even and odd numbered fatty acids (Ci, Ci) could be accounted for as aceto- 
acetate in nearly quanhtativa yields 

Smee acetoecetio acid accumulates as the principal product of fatly acid 
ondabon, it is not surprising that acetoacetate mther than acetate has frequent!} 
been emphasised as the primary oxidation product On the other hand, recent 
experiments have furnished clear evidence for the corrcctneas of the prmciple of 
d oxidabon as proposed by Knoop (53) Btepwise degradabon of a biologically 
occurring fatty acid by climinabon of two carbon atoms was first demonstrated 
by Schoenheimer and Rittenberg (76) Palmitic nad isolated from the tissue fat 
of animals which had received deuteno stearic aad had a suffiaenUy high isotope 
content to show that it arose directiy from the Cu acid by shortenmg of the 
cham Theur data indicated that mynsbe acid had been similarly formed by 
subsequent eliminabon of two carbon atoms from palmitic aad The further 
degradation could not be studied because tissue fat contains only traces of the 
acids with less than 14 carbon atoms 

The two carbon fragment which is detached from the fatty acid cham has not 
been identified as such, although ite intermediate formation has been clearly 
established Wemhouse, Medea and Floyd (70) have mveshgated the oxidation 
of octanoic aad which was labeled at the carixrcyd group with C”, m liver slices 
The acetoacehc acid which accumulated as the main product, oontamed labeled 
carbon m nearly equal concentrations at the carbonyl (fi carbon) and carboxyl 
positions Acetoacetate with such isotope distnbution could not have resulted 
from the sphtting of the C« aad mto two four carbon compounds (multiple alter 
nate oxidabon), nor could it have been formed exclusively from carbon atoms 6 
to 8 of the octanoic aad (classical p oxidation) Acetoacetate must have been 
formed, at least in part, by random condensation of Cj fragments 

The ability of fatty aads to yield acetyl groups in the mtact animal can be 
tested by exploiting the fact that foreign amines ore converted m vivo into 
metabollcally mert acetyl derivatives Smee acetic aad is an effective source 
of such acetyl groups, the assumption can be made that the appearance of labeled 
acetyj amme after feeding of labeled precursor is a measure of acotyd formation 
The following douteno-fatty acids were found by Bloch and Rittenberg (29) to be 
sources of deutenoacetyi groups butyric aad, n valeno acid, isovaleric aad and 
mynstio aad, propionic and undecylic aads failed to yield acetyl The results 
obtained were found to conform with the assumption that p oxidation and 
removal of acetyl groups from the p keto aads was the pnnapal event in the 
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metabolism of the fatty acids It is clear that deutenum is not always an ade- 
quate label for the study of carbon cham mterconversions, and the results ob- 
tamed on acetyl formation are m most cases quahtative only All deutenum 
attached to the /3 carbon atoms will be lost by oxidation and further loss of 
deutenum is to be expected due to keto-enol tautomensm mvolvmg the methy- 
lene hydrogens adjacent to the keto groups Thus, a, /3 dideutenobutync acid 
yields acetyl of much lower isotope concentration than butjo^ite which contains 
deutenum at the /3 and y positions If acetoacetate is the mtermediate m the 
butyrate-acetyl conversion, loss of deutenum from the labile a position and there- 
fore a lowered isotope content of the acetyl fragment denved from the carboxyl 
and a carbon atom of butync acid would result The behavior of the two 
preparations of deuteno butync acid suggests breakdown of the mtermediary 
/3 keto acid mto two identical acetyl fragments 

The vanous )3 keto acids which are formed successively from the higher fatty 
acids will suffer the same loss of deutenum at the a carbon as the a fragment of 
but 3 rnc acid, so that only the deutenum bound to the termmal carbon remains m 
stable linkage In the mtact animal, the long cham fatty acids, m contrast to 
those having a small number of carbon atoms, are only partly catabohzed im- 
mediately to 3 ueld acetyl groups For example, a large portion of administered 
mynstic acid will be deposited m the tissues as such and will also be converted to 
palmitic and steanc acids by cham elongation In this case the deutenum con- 
tent of excreted acetyl will not be a quantitative measure of the amounts of 
acetyl produced 

Metabolism of odd numbered fatty acids The odd numbered straight chain 
fatty acids are not encountered m ammal metabohsm but they are oxidized in 
VIVO and m vitro as readily as the correspondmg even numbered fatty acids 
In isolated hver (72) and m the mtact animal (77) the fatty acids possessing an 
odd number of carbon atoms (except propiomc acid) are precursors of ketone 
bodies although the quantities produced are smaller than those afforded by the 
neighboring fatty acids mth an even number of carbon atoms Propiomc 
acid IS presumably oxidized to a three carbon compound which can be converted 
quantitatively to carbohydrate Bloch and Rittenberg have concluded that 
pyruvic acid cannot be an mtermediate m this conversion smce deutenopropiomc 
acid, m contrast to labeled alanme, failed to provide acetyl groups m the acetyla- 
tion of phenylammobutync acid (29) Deuteno n-valenc acid formed labeled 
acetyl to an axtent which mdicated that one two-carbon fragment arose per mole 
of valerate Cohen found that isovaleric acid is a much more potent source of 
acetoacetate m liver slices than n-valerate (73) In the mtact animal labeled 
isovalerate yielded more deutenoacetyl than eqmvalent amounts of the n- 
valerate (78) From the data obtamed, it could not be decided whether the 
breakdown of this branched chain acid proceeds by way of demethylation to 
butync acid or by mitial oxidation at the tertiary carbon atom to acetone and a 
Cj fragment Undecyhc acid labeled Avith deutenum at the 10 and 11 positions 
did not yield deuteno acetyl y3 oxidation of this eleven carbon acid may be 
visuahzed to lead eventually to a three carbon fragment which contains the 
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jsotopio hydrogen but -which, llhe propionic sad, would not bo degraded directly 
to a Cj unit The behanor of the odd numbered fatty acids can bo readily 
understood if it is assumed that their metabolism proceeds m a fashion analogous 
to that of the even numbered fatty acids with the difference that their terminal 
three carbon atoms are, like propiomo acid, converted to carbohydrate From 
an odd numbered acid havmg n carbon atoms, only n —3 carbon atoms win then 
bo a-vailable for ketone body formation so that less acetoacetato will be formed 
per molecule than from the neighboring even numbered fatty acid. 

The demonstration of the ketogemo effect of n -valerio acid (72, 77) has had 
an important bearmg on the development of more recent theories of fat oxidation 
This finding could not be adequately explained by either classical oxidation or 
by the hypothesis of multiple alternate oxidation MacKayetal (77) suggested 
that the five carbon cham of valerate was degraded to a three carbon and a two 
carbon nmt and that two of the latter oombmed to yield acetoacetate It 
became evident therefore that ketone bodies could be formed by recondensabon 
of two carbon fragments split off from the fatty amd cham as well as by direct 
oxidation 

Formaiton of acetyl from ammo acids It is generally behoved that a ammo 
acids are catabolued by oxidabve deamination to a keto acids and subsequent 
oxidabve decarboxylabon to aads containing one carbon atom less In this 
case ammo acids which yidd saturated fatty acids as mtermediates should be 
sources of acetyl groups This possibnity has been studied -with the ammo acids 
leueme and vahne which contamed carbon chams labeled by deutenum (78) 
Deutenoleudne yielded labeled acetyl groups to the same extent as isovalenc 
acid indicating that this aad was formed as an mtermediate The ketogenio 
effect of leueme (73, 79) may be explained on the same basis Valine and 
isobutyrio acid both are nonketogemo and are also meffecUve as sources of 
acet^ groups. No information is a-vaflable concarnmg tho steps by which 
isobutync acid is further metabolired except that three of its four carbon atoms 
are convertible to glycogen (80) It should be of mterest to ascertam -whether 
the ketogenio acbon of phenylalanine and tyrosmo is associated -with acetyl 
formation, parbcularly whether tho ring structure of these amino acids can bo 
degraded to two carbon units 

Mechanisms of fatly acid oxidation A considerabon of all pertinent data 
obtained m experiments with mtaot animals and with in vitro systems leads to 
the conclusion that successive oxidabon, followed bj removal of Ci fragments, 
IS the principal event in fatty acid oxidabon For a number of years undue 
emphasis -was placed on expenmental observaUons which appeared to contradict 

oxidabon as ongmally proposed by Knoop It should be pomted out that the 
data which led to a cnbcism of tho theory of j9 oxidabon were obtame4 with 
either isolated tissues or starvmg or diabebc animals Smee under these con 
dibons acetoacebo acid and not acebo acid accumulates, tho ketone bodies came 
to be regarded as primary oxidabon products not only of the terminal four 
carbon atoms but of the enbre fatty and chain Moreover, the theory of 
multiple alternate oxidabon -was advanced as a mechanism for fat ondabon 
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because, in mvo and in intro, the fatty acids containing six and more carbon 
atoms gave a higher yield of acetoacetic acid than butync acid, while Knoop’s 
theory provided for the formation of only one mole of keto acid regardless of the 
length of the cham However, the formation of ketone bodies m excess of one 
mole per mole of fatty acid is not at variance with 0 oxidation if it is ascnbed to 
the recondensation of acetic acid to acetoacetic acid The occurrence of this 
reaction was early demonstrated by Loeb (3) and Fnedemann (81), who observed 
acetoacetate formation on perfusmg liver with acetate This finding has been 
confirmed repeatedly and under a vanety of conditions, viz , by Jowett and 
Quastel and by LeloH and Mufioz m hver shces (72, 68), by Mongmo and by 
MacKay et al m mtact animals (4, 5), and with C*’ labeled acetate m starving 
animals by Swendseid et al (82) and by Medes et al m liver slices (83) It was 
recogmzed by Macliay et al (5) that the sjmthetic formation of acetoacetate 
from acetate provided a basis for a theory of fat oxidation which retained Knoop’s 
basic concept of )3 oxidation and ascnbed the formation of “excess” acetoacetate 
to a subsequent event, namely, a recombmation of two molecules of acetate The 
data of Weinhouse et al with carboxyl labeled octanoic acid (76) demonstrate 
that acetoacetate can be formed by random couplmg of Ca fragments which are 
split off from the fatty acid cham There are, however, two possible pathways 
which conform with the observed isotope distnbution 

(a) CHj(CH,)« C"OOH 4Ca 2 CH 3 C»OCHjC»OOH [ 6 ] 

(b) CH,(CHs), C«OOH Ci* + Cj + CHjCHaCHjCOOH 

CHjCHjCHaCOOH CH 3 COCH 2 COOH [7] 

Cj* + C!f -> CHsC^OCHaC^COOH 

Reaction (a) does not indicate the mechanism which yields the four C 2 fragment® 
from the fatty acid cham, it implies that all of the acetoacetate is of synthetic 
ongm Reaction (b) is a modified version of classical /3 oxidation and retains 
the view that the four termmal carbon atoms are a durect source of acetoacetic 
acid In this case the accumulated acetoacetic acid would be a mixture of 
“pnmary” and synthetic molecules In similar experiments with carboxyl 
labeled butync acid the resultmg acetoacetate contamed an unequal distnbution 
of at the carboxyl and carbonyl carbon atoms (85) This acetoacetate could 
therefore not have been formed by random couplmg of two eqmvalent C 2 frag- 
ments Medes et al (85) have pomted out that their data can be represented 
by the followmg equation 

CHaCHaCHjCOOH CHjCOCHjCOOH 2CH,COOH [8] 

In this case rapid mterconversion of acetate and acetoacetate has to be postu- 
lated' This IS true for the s 3 mthesis of acetoacetate m hver (84) and kidney (86) 
The reverse reaction was found by Lehnmger (69) to proceed slowly in muscle 
mmce, but it is not clear whether m hver and kidney acetoacetate is spht at a 
suflacient rate to account for the redistnbution of isotope m accordance with the 
above equation 
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A Bimilar explanation may apply to the results obtained by Morehouse (87) 
and by Morehouse and Deuel (88), who fed tiro preparations of deuteno butyric 
acid and deuteno caproio acid to starving rats and isolated ^-hydroxybutyno 
aoid from the urme The excreted hydroxybutyiate contamed nearly twice as 
much deutenum when (S-y-dideuterloeaproate was fed as the acid excreted after 
adimuistratiou of caproate labded at the a and p positions It is evident that a 
splittmg of the hexanoio acid mto three two carbon imits followed by recondensa- 
tion to acetoacebo acid should yield hydroxybutync acid containing the same 
isotope concentrabon in both cases. On the other band, if the excreted 0 
hydroxybutync acid wasdenved mainly from “primary” acetoacetate represent- 
ing the intact cham of carbon atoms 3 to 6 of caproate, and was formed 
only m part bj recondenaafaon of Ci imits, then ^-y-dideutenocaproate 
should yield a hydroxybutync odd of higher deutenum concentrabon than 
cr-/S-dideutenocaproate 

Stodio (60) has pomted out that the data obtamed by Wemhouso et al with 
labeled octanoate are not inconsiatent with the theory of mulbple alternate 
oxidation if the random distnbubon of labeled carbon is the result of a splittmg 
and reformabon of acetoacetate. Sinco it is agreed that the formation of a Ct 
fragment is an obhgatory step m the brealdown of fatty aeids, it remains to be 
decided whether acetoacetate is the primary oxidabon product or whether its 
formabou represents an altemabve path for the disposal of Ci fragments 
which are imbally formed 

Some mdicabons as to the ible of acetoacetate m fatty amd oxidabon are 
contained m expenmenta on the acetylabon of foreign ammes by acebc acid (30) 
It has been pomted out that the results from these experiments eliminate aceto- 
aoebo acid as an mterraediate m the conversion of acetate to N-acetyl groups. 
From the same analytical data it can be concluded’ that m the intact animal a 
rapid mterconi ersion of acetate and acetoacetate is unlikely to occur Doubly 
labeled acebc acid (CDjC’OOH), when fed and recovered as acetyl phenyl 
ammobutyno acid, retains deutenum and C“ m idenbcol relabve concontrabons. 
Had acetate been converted to acetoacetate and regenerated, replacement of 
deutenum by normal hydrogen and loss of deutenum by enohsabon should have 
altered the D C ratio The accumulation of acetoacebo acid in fatty acid 
oxidabon m vitro or m the urme of animals m ketosis may therefore be ascribed 
to circumstances which interfere with the normal disposal of acetyl or acetate 
The isolated li\er or hver preparations as ordmanly employed contain httle 
available carbohydrate, and therefore lack the reqmnto dicarboxyho acids for 
the oxidation of the mtermediates of fatty acid breakdown Liver tissue appears 
to have only n limited capacity to o.xidiso fat beyond the Cj stage but dispatches 
the products to oxtrehepatlc tissues for complete combustion In the isolated 
liver acetyl will therefore accumulate and become stabilised m the form of 
acetoacetate This point is clearly illustrated by the experiments of Lehmnger 
(89) who found that m prepambons of washed hver cells, acetoacetate is the 

* The author is indebted to Prof D L Thomson for having called attention to theso 
implications oontalned in the experimental data. 
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sole product of octanoate oxidation, but that on addition of fumarate the quanti- 
ties of acotoacetate are diminished m favor of a-ketoglutarate, succmate, and 
citrate It becomes unnecessary then to assume that acetoacetate hes on the 
mam path of fat oxidation Acetoacetic acid is utilized under a vanety of 
conditions, but this is probably preceded by its sphttmg mto two carbon umts 

Formation of aaetyl from pyruOate There exists at present no conclusive 
evidence to mdicate whether pyruvic acid enters the citnc acid cycle by com- 
binmg directly with oxaloacetic acid or whether this condensation is preceded by 
a conversion of pyruvate to an mtermediate which has the oxidation level of 
acetic acid Formation of acetate from pyruvate can be demonstrated to occur 
m animal tissues, either aerobically (90, 91, 92) or anaerobically by dismutation 
(90, 91, 93) but this reaction is not beheved to represent an important pathway, 
because under the same conditions acetate itself is oxidized relatively slowly 
It IS considered more hkely that the oxidation product of pyruvate is repre- 
sented by a two carbon compound which is metabohcally more reactive than 
acetic acid itself A phosphoroclastic sphttmg of pyruvate into acetyl-phosphate 
and formate (or COj -f Hj) as it occurs m bacteria (94) has not been observed 
m animal tissues 

Accordmg to Barron et al (95), acetate can be shown to accumulate when 
hver or kidney shces oxidize pyruvate m the presence of fluoroacetate Accord- 
mg to these mvestigators, this compound seems to inhibit the oxidative disap- 
pearance of acetic acid by competmg with acetate for the enzyme The accumu- 
lation of acetate mdicates that fluoroacetate may exert its effect by blocking 
condensations mvolvmg the reactive acetyl compound, which may then become 
stabihzed m the form of acetate 

In the presence of malonate, pyruvate oxidation by hver shces or mmce 
affords acetoacetate m quantities up to 26 per cent of the p3Tnvate metabolized 
(33, 34, 96) Pyruvate is quantitatively converted to acetoacetate by the 
washed hver cell preparation of Lehnmger (66) When fumarate was added to 
the same system, acetoacetate formation was suppressed m favor of an mcreased 
yield of di- and tn-carboxyhc acids The m vitro conditions which affected the 
relative yields of ketone bodies and polycarboxyhc acids respectively were the 
same whether octanoic acid or pyruvate served as substrates On the basis of 
these findin gs it would appear that a common oxidation product is formed from 
both compounds A view which has been widely accepted is that an acetyl-hke 
two carbon umt forms the mtermediate step at which the pathways of carbo- 
hydrate and fat metabolism converge 

However, certam difficulties are encountered when an attempt is made to 
correlate the ketone body formation from pyruvate tn vitro with the metabohc 
fate of fat and carbohydrate m the mtact organism It is well known that m the 
starvmg or diabetic animal fatty acids enhance ketone body formation, whereas 
P 3 Tiivate or lactate reduce ketosis Evidently, under these conditions, the two 
substances do not enter a common path It is possible that acetoacetate forma- 
tion from pyruvate is the favored reaction under special conditions m vitro, but it 
may still be quantitatively insignificant for the pyruvate metabolism of the 
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intact animal The hypothesis that a Ci fragment arises m the oiadabon of both 
carbohydrate and fat would seem to be im tenable unless it is assumed that the Ci 
fragments are not identical 

The contrastmg behavior of labeled fatty amds and pyruvate m the acetylation 
of foreign ammes m mtaot animals leads to similar conolusioiis (30) While 
acetate is an effective source of acetyl for both aromatlo ammes (sulfanilamide) 
and o-ammo acids (phenylaminobutyrle aad), alanme (pyruvio acid) can yield 
acetyl to for eign a ammo acids only Moreover, labeled alanine, unlike acetate 
or butyrate, does not serve as a precursor for cholesterol, either tn pwo (30) or 
in vitro (97) If pyruvate were converted to the same Cj fragment which is 
active m the acetylation of foreign ammes and in cholesterol formation, labeled 
alaiune or pyruvate should show the same effect as acetate Eecent expenmenta 
by Sonne et al (98) on uno amd formation contam similar evidence The feedmg 
of CHjC‘*OOH resulted m the mcorporation of heavy carbon at carbon atoms 2 
and 8 of the punno nucleus. No significant concentrations of C" appeared at 
these positions when C'*Hi(?*HOHCOOH was fed, mdicatmg that lactate is not 
broken down to the two carbon compound employed m uric amd synthesis. 

It IB conceivable that the differences observed are quantitative rather than 
quahtative, but it is not likely that the bulk of pyruvate is ondiied by way of 
the same Ci fragment which arises m the catabolism of fatty amda. Bloch and 
Kittenberg have concluded that the amounts of acetate produced m the mtact rat 
can be accounted for fully by the ondative metabolism of fatty amds and keto- 
gemo ammo acids (80) These data also would seem to exclude any consideiable 
breakdown of pyruvic acid by way of acetyl as an intermediate. 

Acetylmethylcarbinol (acetom) has been obtamed as a product of the anaerobic 
metabolism of pyruvate m rmcro-organisms (99) and m anima l tissues (heart 
muscle) (100) The process is beheved to mvolve oxidahvo decarboxylation to 
acetaldehyde, condensation of the latter with a second molecule of pyruvio add, 
and subsequent decarboxylation of the condensation product A scheme 
involving the following steps pyruvate — ♦ acetom — * diacetjd — ► acetyl phosphate 
— < acetate — has been proposed by Doisy and Westerfeld (24) on the basis of the 
effect shown by acetom m the acetylation of p^ammobenioio amd. The relatively 
high tonmty of acetom for a nima ls (101) and the fact that it is m part excreted 
after reduction to butyleneg^ycol (102) seems to preclude the possibihty that the 
above scheme represents a major pathway of pyruvate metabolism. 

The formation of acetate from pyruvate by an mdireot route mvolvmg the 
splitting of intermediates of the tncarboxylio amd cycle has become a possibihty 
m view of the following observations The fermentation of dtrate by yeast (103) 
and by various bacteria (104, 106, 100) has been found to yield 1 to 2 moles of 
acetate and smallor amounts of formate and succinate These results have been 
Interpreted to suggest the following senes of reactions citrate — * acetate + 
oxaloacetate — ► pyruvate + CXh — ♦ acetate + formate The first of these steps, 
LO , the reversal of the condensation of acetate and axaloacetato is beheved by 
lapton and Barron (107) to be responsible for the positive effect shown by dtrate 
in the acetylation of chohne in bram extracts The reversibility of the mitisl 
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condensation reaction in the tncarboxylic acid cycle has not been tested in other 
S 3 ^tenis of animal ongm 

Slade and Werkmann (108) have studied the conversion of succmate to acetate 
by Aerobacter tndologenes with the aid of C*’ Although these authors conclude 
that their data mdicate a sphtting of succmate mto two molecules of acetic acid, 
it is equally possible that the acetate arose not from succmate directly but by 
degradation of either a-ketoglutarate or of a tncarboxyhc acid formed from suc- 
cmate Irrespective of the pathway mvolved, these results suggest a possible 
route for the conversion of carbohydrate mtermediates to acetate and fatty acids 
which circumvents the decarboxylation of p}TUvate itself 

Utilization op acetic acid for synthetic reactions The administration 
of labeled acetic acid to animals has been found to result m the mcorporation of 
isotope mto a vanety of tissue constituents glycogen, cholesterol, fatty acids, 
the dicarboxyhc ammo acids, protoporph 3 Tm and unc acid It thus appears 
that m the biological formation of the cell constituents acetic acid is of general 
importance as a source of carbon atoms It has become mcreasmgly evident m 
recent years that body constituents of high molecular weight are synthesized by 
condensation of numerous small sized umts rather than by the utihzation and 
rearrangement of preformed large molecules 

In a few cases only the animal organism depends exclusively on an exogenous 
supply for the mamtenance of cellular composition (vitamms, essential ammo 
acids and essential fatty acids) The majonty of the tissue constitueflts can be 
denved not only from imchanged dietary material but can also anse by synthesis 
from small molecular breakdown products which are formed m mtermediary 
metabohsm The abihty of the anima l organism to keep its tissue composition 
constant under a vanety of dietary conditions is an expression of the fact that 
the required elementaiy buildmg stones are available from a number of soiuces 

Older suggestions that cholesterol might be formed either by modification of 
the preformed steroid structure which is offered to the animal m the form of 
squalene (109) or plant steroids (110), or by foldmg of long cham fatty acids (111) 
have given way to the view that a total synthesis from numerous small umts is 
mvolved (112) In the synthesis of long cham fatty acids from carbohydrate the 
sugar molecule is presumably not utihzed as such but only after its degradation 
to Ca or Cj fragments In the formation of the tetra pjTxole structure of por- 
phyrm, two Cj compounds, acetic acid (30) and glycme (113, 114), serve as a 
source of carbon and mtrogen and not the preformed five-membered rmg struc- 
tures of prohne or pyrrohdonecarboxyhc acid (from glutamic acid) The mvesti- 
gations on the biological synthesis of these high-molecular tissue constituents 
have so far been earned out mainly with mtact animals It is evident that for 
the synthesis of the more complex molecules a high state of cellular organization 
will be required For this reason virtually no attempts have been made to 
mvestigate the enzymatic processes concerned m the synthesis of the substances 
mentioned It has not been possible to identify any of the mtermediate steps 
m the biosynthesis of fatty acids, cholesterol or porphyrm, nor do mdications 
exist that such mtermediates occur normally m measurable quantities 
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The utihmtion of acetic acid for biological syntheses has been demonstrated 
by the feeding of labeled acetic aoid to animals and isotope analysis of the body 
constituents isolated from the tissues Insist into the reaction mechanisms has 
in some cases been gained by determiiung the location and distribution of isotope 
at vanous positions of the synthetic product, but the accessibie mformation is 
often limited by the lack of suitable methods of degradation Woodotal (116) 
have employed chemical and microbiological degradation procedures for glucose 
which permit separate isotope analyms of carbon atoms 3 and 0 and of fractions 
which represent carbon atoms 1 and 6, 2 and 5, and 3 and 4 respectively Meth- 
ods suitable tor determining the deuterium concentrations at separate positions of 
deutenoglucoso have been described by Stetten and Stetten (116) Although 
procedures are available for successive degradation of the higher fatty acids the} 
are not apphcable to small quantities of biological matena] However, nnalysia 
of the carboxyl group and of the two moieties obtainable by degradation of oleic 
acid have yielded valuable information on the mechanism of fatty acid synthesis 
(117) The distribution of isotope in deutenocholesterol has been detennmed 
by degradation of the steroid molecule into nucleus and side cham (118) No 
experiments of this type have so far been earned out mth protoporphynn 
formed biologically m the presence of labeled acetate 

Although it may be feasible to study details of reaction mechanisms by 
employing test substances which contain more than one isotopic maiker, there are 
certain UmitatioDS to the experimentation with mtact animals If ms synthetic 
process, acetic acid did not take part os such but m the form of a functioiml 
denvative (acetylphoephate, acetyiamme) and if the substituent were ehminated 
in the course of the condensation, isotope analysis of the reaction product may not 
reveal whether acetic acid reacted as such or in a combmed form On the other 
hand, experiments with mtact animals are mdispensable in order to establish the 
ocourrence and the quantitative significance of a process which has been observed 
m an isolated system 

Olycogm According to classical concepts, a glycogomc compound is a sub- 
stance which either increases glycogen deposition m the hver of a fasted animal or 
enhances glycosuria m the diabetic animal Afotic acid does not satisfy these 
entena amce its feeding neither mcreases glycogen deposition nor glucose 
excrebon (119) On the other hand, isotope expenments have shown that acetic 
acid can provide carbon atoms for all positions of the glucose molecule (120, 121) 
No mconsistenoy need be seen m these findmgs, if (a) the menmng of the term 
precursor is more clearly defined and if (b) it is rccogniicd that the terms glyco- 
gemc and ketogeme apply only to specml experimental conditions The revision 
of classical concepts necessitated by the results obtained with tracer substances 
has been discussed by Buchanan and Hnstmgs (122) and by Wood (123) If 
one disregards reactions in which a substance effects an mcrcascd formation of a 
product by stimulation rather than by direct conversion, then two types of 
precursors have to bo considered substances which afford a net increase of the 
quantity of product, i e , reactions m which the quantity of precursor is the 
limiting factor, and secondly substances which are incorporated either totally or 



696 


KONEAD BLOCH 


m part into reaction products but which are without effect on the rate of its 
formation Compounds which m classical termmology are classified as either 
glycogemc or ketogemc belong to the first group while acetic acid with respect to 
glycogen formation belongs to the second category Although, as Lorber, 
Lifson and Wood (121) have shown, acetic acid provides carbon atoms for all 
positions of the glucose molecule^ it probably cannot by itself form hexose (or 
pyruvate) but only by entenng the tncarboxyhc acid cycle Through a senes of 
transformations the tncarboxyhc acid yields pyruvate, which is the obhgatoiy 
mtermediate m glucose formation Acetate utili 2 ation for glycogen synthesis is 
therefore not regulated by the availabihty of acetic acid but depends on tn- 
carboxyhc acid formation and regeneration of p3Tuvate from the latter On the 
other hand the conversion of p 3 rruvate to glycogen does not require the mterven- 
tion of the citnc acid cycle and as a result pyruvate and compounds which are 
directly convertible to pyruvate will be precursors of glycogen m the sense that 
they can mcrease the net amount of glycogen formed It is evident that the 
terms glycogemc and ketogemc apply only to conditions m which a change of 
carbohydrate concentration is observable, i e , m the starvmg or diabetic animal 
From its behavior in isolated liver, pjmivic acid could be classified as a ketogemc 
substance, smce under such conditions it can be converted m part (124, 33, 90, 96) 
or quantitatively (125) to acetoacetatic acid Acetic acid is ketogemc smce it 
increases ketone body excretion m the starvmg or diabetic ammal (5), but as 
isotope studies have shown, it is also a source of carbon atoms for glucose The 
appearance of acetate carbon in all positions of the glucose molecule has been 
ascnbed by Wood (115) to a senes of steps by which a tncarboxyhc acid formed 
from acetate and oxalacetate is degraded to pyruvate by way of a-ketoglutarate 
and the C 4 dicarboxylic acids If C**HjC**OOH is employed the resultant 
pyruvate wiU be labeled at all three positions but it cannot contain more than 
half of the isotope concentration present m the acetate which was utilized On 
tracing the labeled carbon through tncarboxyhc acid, a-ketoglutarate and the 
dicarboxylic acids to succmate, it becomes clear that only two of the four carbons 
in the dicarboxyhc acids origmate from acetate but the isotopic carbon becomes 
evenly distnbuted over the entire carbon cham when the asymmetiy of the 
molecule is lost at the succmate stage Pyruvate will therefore contam C“ at 
aU positioM^ It can be concluded that although acetate carbon appears m all 
positions of glucose not more than half of the carbon atoms of a glucose molecule 
can have onginated from acetate, the remamder bemg supphed by oxaloacetate 
Acetate per se is therefore mcapable of formmg glucose 

Carboxylation of acetic acid to pyrunc acid cannot be an important pathway 
for the utihzation of acetate m glycogen formation because m this case the 
isotope distnbution m glycogen would be expected to differ from that actually 
observed (121) 

Fatty acids McLean and Hoffert (126) have studied hpid formation m yeast 
from acetate and have concluded from balance data that both steroids and 
neutral fat could be synthesized directly from acetate wthout mtermediate 
formation of carbohydrate In the presence of sulfite steroid synthesis was 
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inhibited, but fnt continued to be synthesited. Tbis suggested that acetalde- 
hyde might be an mtermediate In the jrynficais of 3 east steroids while acetate 
could condense directly to fatty acids In their experiments on the metabolism 
of deutenoacetate in yeast, Sonderhoff and Thomas (127) found the followmg 
concentrations of deutenum in the various fractions carbohydrate 1 6 per cent, 
fatty adds 14 7 per cent, unsapomfiable 30 per cent, mdicatmg that carbohydrate 
was not an mtermediate m the conversion of acetate to lipids 

Wood et al (128) have demonstrated the bactenal utiliration of acetio aad 
for the synthesia of lower fatty acids In the presence of CHjC**OOH, the butyl 
alcohol formed m the fermentation of Cl butyhcwn and of Cl aceUUmiyltmm was 
found to contam C“ at carbon atoms 1 and 3 Smce these organisms can reduce 
butyno acid to butanol, the followmg senes of reacbons is suggested 2 acetate 
— * butyrate — ► butanol 

The fermentabon of alcohol and acetate m Cl Iduyten has been studied by 
Barker, Kamen and Bernstein (129) The butyno acid formed in the presence of 
CHjC“OOH contamed approxmiatoly equal quanbbes of heavy carbon in the 
carboxyl and p posibons, m caproic acid equal amounts of O’* were presumably 
present at alternate carbon atoms smce the carboxyl group accounted for about 
one-third of the total Isotope content of the faexanoic acid Important informa- 
bon with respect to the mechamsm of fatty acid synthesis m these organisms was 
obtained by the same authors Isotopic oaproate formed m the prtacnce of 
CHjCHiCHiC'OOH and normal ethanol contamed isotope bnt this was not 
present in the carboxyl group The aotive Cj unit den\ ed from ethanol must 
therefore have condensed with the carboxyl group of butyric aad Moreover, a 
breakdown of butyrate to Cj compounds pnor to formabon of the Ct aad cannot 
have occurred smce in this case the carboxyl carbon of caproio aad should have 
contained the carbon isotope 

Elttenborg and Bloch (117) have fed mice and rats acehc acid which contained 
C“ at the carboxyl posibon and deuterium m the methyl group The fatty 
adds isolated from the tissue hpids contamed both isotopes m excess of the con 
centrabons which could have resulted from the oxidaUon of acetate to CKh and 
DiO and mcorporabon of deutenum from the body flmds or C" by a reaobon 
involving QOi aesmulabon The body flmds of the mice contamed 0 09 per cent 
D and the respiratory CXHi contamed 0 006 per cent C'* while the saturated fatty 
aads isolated from the liver hpids contamed 0 42 per cent D and 0 16 per cent 
C” As the fatty adds contamed both C” and deutenum it is clear that the 
acebo add molecule as such had been utiliied m the synthebc process. From 
acebe add containmg isotopic carbon in the carboxyl group, a fatty add con , 
taming C" onlj at one out of two carbon atoms is to be expected The inooipora- 
bon of isotope into the fatty adds could result from the followmg processes 1 , 
Beetle sad dongates the fatty aad cham by adding at the carboxyl end In this 
case the presence of isotopic carbon should bo confined to the carboxyl carbon of 
the fatty aad and decarboiylabon should leave a non isotopic residue, 2, If 
acebo aad condensed with the u carbon of the fatty acid dccarboxylabon should 
yidd COj which contains no excess of isotope, 3, acetate carbon is uniformly 
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distnbuted over the fatty acid chain C** should then be present at the odd- 
numbered carbon atoms The COj obtamed on decarboxylation of the fatty 
acid actually contamed about twice as high an isotope concentration as the entire 
molecule, mdicatmg that C*’ was present at alternate positions, i e , at the odd- 
numbered carbon atoms, one of which is the carbon of the carboxyl group. 
Additional support for the view that the acetic acid carbon was distnbuted m 
random fashion over the entire fatty acid cham is afforded by analysis of the 
degradation products of the “oleic acid” fraction of tissue fat This consists 
mainly of oleic acid and some palmitoleic acid and yields on oxidation a mono- 
carboxyhc acid, pelargomc acid, denved from carbon atoms 10 to 18 and a 
dicarboxyhc acid (azelaic acid) representmg carbon atoms 1 to 9. If a Cis fatty 
acid were formed from nme acetate umts then of the mne isotopic carbons, five 
should be present m the azelaic acid and four m the pelargomc acid fraction, 
while the deutenum content of the two moieties should be nearly equal The 
followmg isotope concentrations were found azelaic acid, 0 090 per cent C**, 
0 14 per cent D, pelargomc acid, 0 071 per cent C“, 0 15 per cent D These 
data suggest a process of fatty acid synthesis mvolvmg the multiple condensation 
of Cl umts Any scheme proposed as a mechanism of fatty acid synthesis must 
account for the fact that the fatty acids of animal tissues have an even number of 
carbon atoms and compnse, if nullc fat is mcluded, aU members of the senes from 
Cl to Csi The occurrence of Cs condensation m the 83Tithesi8 of fatty acids by 
ammal tissues was first demonstrated by the findmg of Btetten and Schoenheuner 
(130) that deutenosteanc acid is formed from deutenopalmitic acid by cham 
elongation 

The reactive two carbon compoimd undergomg the condensation can be 
readily formed from acetic acid m the mtact animal and m bactenal systems, but 
its chermcal identity has not been determmed Fatty acid synthesis in animal 
cells has so far not been demonstrated m isolated systems When rat liver sbces 
were mcubated with labeled acetic acid only very small amounts of isotope were 
mcorporated mto the fatty acids, significant concentrations of deutenum were 
found m the liver fatty acids when the buffer medium contamed DjO (131) From 
this result it cannot be decided whether the uptake of isotope resulted from syn- 
thesis of the carbon cham or whether it was due to hydrogenation of unsaturated 
fatty acids 

The production of Ci umts m the course of fatty acid oxidation and their 
utihzation m fatty acid formation pomts to a mechamsm of synthesis which 
consists of the reversal of the catabohc steps This would mvolve the condensa- 
tion of two carbon umts wth acetate and higher fatty acids and the subsequent 
reduction of /3 keto compounds to saturated acids The well established con- 
version of acetate to acetoacetate may represent the imtial step m this process 
However, the biological reduction of ^-keto acids to the correspondmg saturated 
fatty acids has never been shown to occur 

Fbqienments with acetic acid containing deutenum as well as C*’ have thrown 
some hght on the nature of the mtermediates mvolved m fatty acid synthesis 
(117) When a preparation of acetate was fed m which deutenum and carbon 
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■were present In a ratio of 8 1 the fatty aads isolated contained the two isotopes in 
a ratio of 2 6 1 Irrespective of the nature of the condensation, there should be 
Introduced for every two deutenum atoms from the methyl group of acetic a 
minimum of two atoms of ordinary hydrogen from the body fluids The ratio of 
D C” should then become 4 1 The greater loss of D than corresponds to this 
ratio may have resulted from keto-enol tautomensra of the mtermediate ^keto 
acid An additional atom of normal hydrogen from the body fluids would also 
be mtroduced if the keto add were converted to the saturated acid by ■waj of the 
hydroxy- and unsaturated acids 

Although the isotope data suggest that acetic acid can supply the carbon atoms 
for all positions of the fatty acid cham, it is unlikely that acetate is a precursor m 
the senso that ite administration produces a net increase of synthesmed fat 
Experimental conditions for studymg fat synthesis from specific precursors, 
similar to those by which the glycogemc or ketogenic properties of a compound 
can be tested, are not a'vailable Conditions ahich result m the deposition of 
excessive quantities of lat m the bver such ns chobne defidency do not measure 
changes in the amount of fat synthesmed but reflect defidencies in fat transport 
Stetton and Boxer found that m rats treated with alloxan, fat deposition and 
incorporation of deutenum from heavy body water are greatly reduced (182) 
This may be the result of dimmished fat synthesis or of a failure to deposit the 
newly formed fat The impairment of fatty acid synthesis in this condition is 
probably not due to a lack of precursor but may reflect, as Stetten and Boxer 
suggest, a general inability to uWliio carbohydrate Since in the experiment of 
Rittenberg and Bloch (117) the ammals received a fat free diet, carbohydrate and 
protem must have provided the carbon for fatty add synthesis It was estimated 
that under these conditions about 26 per cent of the carbon atoms of the fatty 
acids were derived from acetate While the conversion of carbohydrate to fat 
IS well established from balance experiments, no information is availnblo cou- 
cernmg the mtermediate steps It is generally assumed that synthesis of the 
fatty acid chains occurs with pyruvate or a two carbon compound derived from 
pyruvate It is questionable whether this mtermediate is identical with acetic 
acid because m this case not only one-fourth but all carbon atoms of the fatty 
acids should be available from the “acetyl" pool It has been pomted out above 
that pyruvic acid or alanine are not convertible to the acetyl compound involved 
m the acetylation of sulfanilamide or m the formation of cholesterol This has 
been taken to mean that a direct degradation of pyruvic acid to a Cj compound 
does not occur or that the product is not identical with the acetyl formed by 
fatty acid oxidaton or from acetate itself • In order to allow for the participa 
tion of both acetic acid and carbohydrate in fatty acid synthesis, Rittenberg and 
Bloch (117) have suggested that pyruvate may form acylpyruvic acids and that 
the decarboxylation to fl-keto acids takes place after the condensation 

V 

* TUb eoncltulon waj band on experiments with dmiicrio alanine It doea not take into 
account the possibility that pyrtrvato Is converted to acetyl by a circnitoos route in which 
deaterium is lost oniirely decent expoiimenta of Bonne et al (98) on uno ac4d syntbesU 
with test snbstaneea eontainlnc O'* similarly indicate that laotato Is not converted 
to acetate 
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RCHjCOOH + CEUCOCOOH -v RCH,COCHsCOCOOH -> 

RCH 2 COCH 2 COOH + CO 2 [9] 

In this reaction the net effect is the addition of a two carbon unit, without acetic 
acid appearing as an intermediate It is also conceivable that an mtermediate 
of the tncarboxyhc acid cycle w^ich contains the elements of both acetic and 
pyruvic acids supphes the C 2 fragments for fatty acid 83 Tithesis For instance, 
the C 4 dicarboxylic acids which are denved from the condensation product of 
acetate and oxaloacetate are composed of two C 2 moieties one of which onginates 
from acetate and the other from pyruvate By passmg through a S 3 nmmetncal 
stage, randomization would result, and m a utilization of the dicarboxyhc acid for 
fatty acid synthesis an equal chance would exist that the C 2 fragment was con- 
tnbuted by either acetate or pyruvate 

It has been pomted out above that the acetic acid ansmg m mtermediary 
metabohsm appears to be denved primarily from the catabohsm of fatty acids 
and ketogemc ammo acids while carbohydrate does not contnbute significantly 
to the acetate pool It would follow, then, that the acetic acid employed for 
fatty acid synthesis has its ongm in the fatty acids themselves , m other words, the 
process of acetate utihzation merely reflects the contmuous molecular regenera- 
tion of body fats Smce a large portion of the acetyl fragments ansmg m fatty 
acid oxidation is metabohzed further and is therefore unavailable for fat res 3 Tithe- 
818 , carbon has to be provided from another source m order to keep the total 
quantity of fat constant The source is evidently carbohydrate Acetate is 
therefore not a precursor of fatty acids m the conventional sense and the state- 
ment that 25 per cent of the carbon atoms are supphed by acetate merely unphes 
that one out of every four carbon atoms mcorporated mto a newly synthesized 
fatty acid molecule arose from the catabolism of the fatty acids themselves 

Cholesterol In their experiments on the utilization of deutenoacetate by yeast 
Sonderhoff and Thomas found the deutenum concentration m the unsaponifiable 
fraction to be twice as high as m the fatty acid fraction and twenty tunes that 
of the yeast carbohydrate (127) , they therefore suggested that m the synthesis 
of the yeast steroids acetate had been employed directly A formation of 
cholesterol in animal tissues by total synthesis from small umts was mdicatoi by 
the findmgs of Rittenberg and Schoenheimer (112) In cholesterol newly formed 
by ammals whose body flmds were enriched with heavy water roughly half of the 
hydrogen atoms were denved from the D 2 O of the body flmds The utilization 
of vanous small molecular substances for cholesterol synthesis has been mvesti- 
gated by Bloch and Rittenberg in feedmg experiments with labeled compoimds 
(133, 118, 78) The isotope concentration m cholesterol isolated from the tissue 
hpids was highest when labeled acetic acid was the test substance Whenever 
another compound was effective m causmg the formation of labeled cholesterol 
the result could be attnbuted to mtermediary formation of acetate from the test 
substance (butsoate, ethanol, leucme, valerate, isovalerate) By studymg 
simutaneously cholesterol synthesis and the acetylation of foreign ammes it 
could be shown that the abflity of a test substance to cause the formation of 
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labeled cholesterol was roughly pamllol with its abihty to furnish labeled acetyl 
groups. This correlation did not exist in the case of alanine. The significance 
of thin finding has been discussed above An evaluation of the quantitative 
lAlo of acetic add as a precursor for the steroid structure led to the conduaion 
that about hall of the hydrogen atoms (and probably half of the carbon atoms) 
are furnished by acetate. Acetic acid appears to contribute to the formation 
of the entire steroid molecule When cholesterol formed biologically from 
deuterio acetate was degraded, the iso-octyl fragment derived from the cholesterol 
dde chain and the hydrocarbon representmg the steroid skeleton contained 
deutenum m nearly equal ooncentrabons. No information is available as to the 
intermediate steps of the synthetic process The higher fatty acids or mterme- 
diates of fatty acid metabolism cannot he on the path of the acatate.6terol con- 
version, smce in feedmg expenmenta with deuterio acetate, newly formed 
cholesterol contains several times the isotope concentration of the fatty acids, 
also, in liver shces deutenum is rapidly mcorporated mto cholesterol when labeled 
acetate is present, but not into fatty acids (131) The utilization of both 
carbon atoms of acetic add is evident from the appearance of both deutenum and 
m cholesterol synthesizod from CDjC“OOH (117, 131) 

Since the acetate-cholesterol conversion entails essentially the transformation 
of — CDi CO — into — CDi CHi — two normal hydrogen atoms should bo m- 
corporated for every two carbon bound deutenum atoms and m the utihzntion of 
CDiC“OOH the ratio of D to C’ should dcclme to half its origmal value How- 
ever, the relative amounts of D and 0“ mtroduced into cholesterol were roughly 
the same as m the administered acetate and it would appear therefore that the 
reaction product contained, perhaps as the result of decarboxylations, more of 
the methyl carbons than of the carboxyl carbons of acetic aad.* 

Some mdications exist that a reduction may be the imtial step m the acetate- 
cholesterol conversion McLean and Hoffert (120) observed that sterol synthesis 
from acetate in yeast was inhibited by sulfite, a reagent which blocks aldehyde 
groups. In the formation of labeled cholesterol by rat liver shces, labded ethanol 
and acetaldehyde were somewhat more effective than acetic acid (97) suggestmg 
that the mtermediate is more readily formed from ethanol and acetaldehyde. 
It is unlikely that the somewhat higher effiraenoy of acetaldehyde and ethanol 
under these conditons is duo to the fact that they diffuse more readily mto the 
liver cell smce the deutenum concentration m cholesterol is independent of the 
acetate concentration in the buffer medium over a wide range (131) 

In the intact animal and m hver shces deuteno alanine fails to give labeled 
cholesterol (118, 97) Alanme, and presumably pyruvio acid, are therefore 
not convertible to the Ci compound which provides carbon for cholesterol 
synthesis and which Is readily formed from acetic acid itself and from the higher 

* The results obtained with Intact mimsli differ from thme obtained in liver lUces The 
ratio of D to CO in oholeeterol formed from acetate In vitro changes from 8 to 2.5 This 
might bo explained by the loss of carbon bound denterlum aasodated with the Intercon 
version of acetate and acetoacetate which proceeds rapidly In liver allcea bnt apparently not 
in the Intact animal 
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fatty acids This finding supports the previously expressed view that if a Cj 
fragment anses in carbohydrate oxidation it is unlikely to be identical with that 
denved from fatty acids 

The ongm of the remaming -carbon and hydrogen atoms m cholesterol, which 
are not accounted for by acetic acid, is unknonm In viev of the fact that chol- 
esterol contains a branched side chain and angular methyl groups and that these 
groupings are otherwise present only m dietarj”- constituents which ammals can- 
not synthesize (valme, leucine, carotene), the possibihty has been tested that one 
of the branched cham ammo acids participates m steroid synthesis The feedmg 
of leucme which contamed deutenum at all positions of the carbon chain resulted 
m the formation of labeled cholesterol while similary labeled valme was m- 
effective (78) However, leucine is a ketogemc ammo acid and m the course 
of its catabolism 3 aelds acetyl groups Hence, no conclusions may be drawn as to 
whether leucme specifically supplies the branched side cham and the angular 
methyl groups of cholesterol or whether the observed effect is ascnbable merely 
to the mtermediary formation of acetic acid 

Cholesterol can serve as the parent substance for other compounds which 
possess the cyclopentano-phenanthrene structure The m vuvo transformation of 
cholesterol mto chohc acid (134) and mto pregnanediol (136) has been demon- 
strated with the aid of deutenocholesterol and it has been found that a minimum 
of tw'o-thirds of these steroids can anse by degradation of cholesterol It is 
therefore not too likely that animal steroids other than cholesterol can also be 
formed by total s 3 mthesis from small umts by a pathway m w'hich cholesterol is 
not an intermediate 

Proiopor^hynn Hemm isolated from the red cells of ajnimals which receive 
deuteno acetic acid contams deutenum in sigmficant concentrations (30) In 
short term feedmg ex-penments the isoto)^ content of hemm w'lll attam only a 
relatively low level, smce the protoporphyrm moiety of hemoglobm is synthesized 
at a much slow^er rate than most body constituents (114) When deutenoacetate 
feedmg is extended to a penod of several w^eeks the deutenum concentration m 
hemm reaches a value correspondmg to 60 per cent of the isotope concentration m 
the acetic acid available m the metabohc pool (136) Therefore at least half of 
the hydrogen atoms m the porphyrm molecule are supphed by acetic acid The 
constituent p 3 Trol nuclei m the porphyrm molecule contam no hydrogen linked 
to carbon, carbon bound hydrogen is present m the methm bndges which hnk 
the pyrrol rmgs and m the pyrrol side chains Hence, experiments with deuteno 
acetic acid do not reveal w'hether acetic acid is also a source of carbon atoms for 
the pyrrol rings A mechamsm of synthesis which leads directly to a pyrrol 
structure contaimng the appropriate side chains ivould seem to be a more hkely 
event than a process m which the substituent side chains hre attached to a pre- 
formed pyrrol nucleus No deutenum is mtroduced mto hemm after the feedmg 
of deuteno propionic acid while jS-y-dideuteno butync acid is about half as 
effective as deuteno acetic acid (136) The effect shown by butyrate is most 
hkely due to its sphttmg mto acetyl fragments 

The ongm of pyrrol mtrogen has been elucidated by the expenments of 
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Shemin and Rittenberg ( 114 , 137 ) Heimn isolated from the blood of a human 
subject who had recei\ ed glycmo labeled by N“ contamed so high an isotope 
concentration as to mdicato a specific utdiiation of glycmo rntrogen. The 
specific role of glyome m pyrrol synthesis received further support from the 
findmg that glycme was the most effective source of pyrrol mtrogen among 
several amino acids tested ( 114 ) In particular, prolme and ^utamic acid, which 
have been suggested us possible biological precursors of pyrrols because they 
contam or can readily form heterocyoles simdar to pyrrols, were much less 
effective as sources of mtrogen for hemin than glycme The utilisation of the 
two carbon compounds, acetic acid and glycmo, points to a mechanism of porphy- 
rin synthesis m which the ring structure and the substituents are formed simul- 
taneously, possibly by processes analogous to those which yield pyrrols in organic 
chemistry Fischer and Fink ( 138 ) have obtamed evidence that nng closure to a 
pyrrol occurs when glycme and formylacetone (the aldehyde of acetoacetic acid) 
react in aqueous solution at 37 ° The classical pyrrol synthesis of Khorr ( 139 ) 
mvolved the condensation of a-amlno acetoacetic ester with acetjdacetone 
Acebo acid can bo converted to nceto-aoetate in vivo and it is not inconceivable 
that by an analogous process a aimno-acetoacebc acid is formed biologically from 
acebc acid and glycine A biological pyrrol synthesis analogous to the Knorr 
reaction would be attraebve because it would afford a product m which the 
arrangement and the chemical nature of the subsbtuents resembles that in the 
naturally occurring protoporphyrm. 

L ne aad Recently the utilinitlon of Cj compounds for the synthesis of still 
another group of tissue consfatuents has been reported Soime, Buchanan and 
Helluva ( 98 ) have studied the incorporafaon of C“ into unc acid, isolated 
from pigeon excreta, after the feedmg of CH)C“OOH, CH5’C'*HOHCOOH, 
CHiCHOHC“OOH and NHjCHjC“OOH respecbvelj The carboxyl carbon of 
acebo acid was located at the two ureido carbons (2 and 8) of the purine structure, 
w hile the carboxyl group of glycine supplied carbon for posihon 4 , and COi carbon 
for poBibon 0 On the basis of the data available so far no plausible mechanism 
for punno synthesis from COj, acetate and glycme can be suggested It is of 
mterest m this connection that Barker and Beck ( 140 ) found ammonia, carbon 
dioxide, acebo acid and small amounts of glycme to bo formed as products of 
lino add feimentabon by Closlndium acidi vnci The findmgs of Sonne ot al 
contam important evidence with resjicct to some other metahoho processes 
The appearance of acetate and glycme carbon at different posibons of the unc 
acid eliminates the possibility that in the pigeon glycmo and acebo acid are 
mterconvertible. On the basis of nutnbonal studies, Almquist et al had con- 
tended that the chick is unable to synthesizo adequate amounts of glyome and 
that m deficient diets acetate may servo as substitute for glycme ( 141 ) The 
mtcrconverbbOity of the two compounds which is imphed by these findings 
IS contradicted by the tracer experiments of Sonne et al unless metaboho dif- 
ferences exist between the chick and the pigeon. 

The isotopie data obtamed by Sonne et al furthermore show that the a carbon 
of lactate is not mcorporated into the same posibons of unc acid ne the carboxyl 
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carbon of acetate. A breakdown of lactate to acetate did, therefore, not occur to 
any conaiderable extent These results are incompatible with the assumption 
that the hypothetical two carbon compound ansmg m p 3 Txivate oxidation is 
closely related to acetic acid 

A relationship between acetate and hpid metabolism m bactena has been 
observed by Guirard, Snell and Wilhams (142) Acetate stimulates the early 
growth of lactic acid bactena, an effect which is also shown by fatty acids and 
vanous steroids These results suggest an important r61e of acetate m the 
synthesis of hpids by bactenal systems 

As the result of mvestigations with isotopically labeled test substances there 
have been developed a number of novel biochemical theones among which 
Schoenheimer's concept of the d 3 Tiamic state of the body constituents has been 
the most outstandmg (143) Accordmg to this concept, there exists a pool of 
metabohtes which is contmuously replenished by the breakdown products of both 
dietary and tissue constituents and which supphes the metabohtes for energy 
production and for the rebuildmg of the structural components of the cell The 
concept of the metabolic pool was advanced m order to mterpret the data ob- 
tamed from feedmg experiments with isotopic substances and m order to provide 
a reasonable basis for the rapid mterchange of dietary and tissue elements which 
was mdicated by these results It should be pomted out that the metabohc pool 
may not possess any ph 3 rsical reahty m the sense that there exists m the body at a 
given moment a large reservoir of metabohtes m which molecules denved from 
dietaiy and vanous tissue constituents are distnbuted m random fashion and 
are therefore undistmguishable It is merely permissible to say that if for 
example 100 molecules of dietary ongm enter the tissues durmg a given penod of 
time and 100 molecules arise from body constituents durmg the same mterval, 
then the chances that m a subsequent reaction either the exogenous or endogenous 
molecule is employed will be equal The metabohc pool should therefore be 
regarded merely as an expression of this probabihty 

One of the problems of metabohsm which has held the general mterest of the 
biochemist has been the mutual mterconversion of fat, carbohydrate and protem 
These questions have only partially been answered by balance techmques in 
which the cntenon of a biochemical conversion is the net change m'amount of the 
reaction product which is mduced by the precursor In the hght of the concept 
of the metabohc pool, biochemical mterconversions a^ume a different meamng 
Fat, protem and carbohydrate are mterconvertible m the sense that they give rise 
to breakdown products which lose the identity of their ongm and can be utilized 
mterchangeably for the resynthesis of either one of the three major tissue 
constituents 

The fact that acetic acid is employed as a biuldmg stone m the synthesis of a 
vanely of compounds of different chemical structure and function, viz hpids, 
carbohydrate, porphyrm, unc acid and some of the ammo acids, suggests its direct 
or mdi^t participation m the biological formation of all compounds which can 
be synthesized by the ammal cell If this is true then acetic acid cannot be 
regarded as a specific precureor of a particular tissue constituent, but its utiliza- 
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tion •HTOuld reflect merely the fact that the body employs two carbon umta as a 
prmoipal source for synthetic reactions 

The bwlogically aetwe form of acetic acid Smce m isolated tissues acetic acid 
shows less reactivity than m the intact animal the possibnity has been widely 
discussed that acetic amd is metaboUcally converted mto a more reactive form 
In orgamo chemistry such activations are achieved by esteniication or anhydride 
formation (acetylchlonde, acetic anhydride, ketene, ethyiacetate) ‘ 

Exjjerimental evidence for the biological formation and the participation in 
a synthetic reaction of an acetic acid denvative rather than of acetio acid itself 
has been provided m two instances. In bacterial systems the phoephoroclastio 
sphttmg of pyruvate to acctylphosphate and formate can bo reversed (145) 
No other function for acctylphosphate has been found so far A process of inter- 
molecular acetyl transfer in which acetyl groups are shifted from an N acetyl 
ammo acid to a free amino acid has been indicated by acetyiation studies in the 
mtaot animal (35) 

There are two other well known biochemical processes which are olaasifled as 
transfer reactions, transfer of methyl groups mvolvmg chohne, methionine and 
creatme (146) and the amidme transfer from argmme to glycme in the formation 
of guanido acetio acid (147, 148) Suoh reaotions cannot be described in terms 
of ordinary chemical equationa revolving stable compounds as mtermediates 
It IB conceivable that group or radical transfer may be a more general phe- 
nomenon re biological systems and that the answer to the acetyl problem may be 
sought m this direction 

The oxidative mbtabolisu op acetio acid The abflity of animal tissues to 
utilise acetio acid efliciently is illuatrated by the fact that when fed to animals 
acetio acid does not appear in the unne in measurable amounte In the expen 
ments of Buchanan, Hastings and Nesbett with acetate containing radioactive 
carbon m the carboxyl group, over fifty per cent of the acetate absorbed by the 
rats was totally oxidised withm two hours, as determmed by the appearance of 
isotopic carbon m the expired carbon dioxide (120) This rate was comparable 
to that at which sumlar quantities of laotio acid were metabohied (149) 

Acetate disappears aerobically from a vanety of isolated tissues, the rate being 
most rapid m the cortex of guinea pig kidney (160) Little evidence exists that 
the acetate molecule as such can undergo oxidative reaotions ■ Products which 
could conceivably arise by oxidation of the methyl group of acetic acid suoh 

* For a consideration of tho '‘aoUrc" form of acetio amd the foliowing organic chemical 
reaetions arc of Interest Tho studies by Bergmann et al (88) on Intermoieoular transfer 
of acetyl groups or radicals between amino compounds have been mentioned above Kha 
rasch and Qla^tone (144) have shown that by c o nv e rs i on Into diaoetyl peroxide the methyl 
groups of acetic add become suiEdontly activated to undergo o-a condensation to sucdnlo 
add Tho reaction Is believed to be duo to the dimeiiution of an intermediate GH,COOH 
radieal 

* The dsim of Toenniossen and Brinkmaim (ISl) that formate Is a product of acetate 
metaboUam in perfnsed musde is baaed on insuffident experimental evid enc e, but con 
forms with recent obeorvations of Buchanan and Sorme (167) on the rile of acetate and (or 
mate respectively as preeursorB of uric add 

"1 



606 


KONRAD BLOCH 


as glycolic, glyoxylic, oxahc acids or glycine are metabolically inert under con- 
ditions which permit of rapid oxidation of acetate (152) Many years ago 
Thunberg suggested that the oxidation of acetate was imtiated by the dehydro- 
genative coupbng of the methyl groups of two molecules of acetate to succmic 
acid (56) 

HOOC CHjIff'jr'HlCHjCOOH > HOOC CHjCHjCOOH [10] 

The same reaction was proposed later by Wieland and Sonderhofif to account for 
the formation of succmate by yeast m which acetate was the sole nutnent (153) 
Slade and Werkmann (108) have studied this process with contaimng acetate 
m Aerobacter tndologenes and have concluded that the isotope data demonstrate 
methyl condensation of two moles of acetate Lipmann has suggested that this 
condensation may mvolve acetylphosphate (164) The inhibition by malonate 
of acetate and acetoacetate disappearance in a nima l tissues (155, 156) and of 
acetate m yeast (157) has been cited m support of reaction [10] but the fact that 
acetate oxidation is sensitive to malonate may merely be taken to suggest that 
succimc acid hes on the path of acetate metabohsm, it does not mdicate the 
mechamsm mvolved There is mcreasmg evidence that the step which precedes 
acetate oxidation consists of a condensation with a Ci dicarboxyhc acid From 
the resultant Cj tncarboxyhc acid two carbon atoms are removed by oxidation to 
regenerate the dicarboxyhc acid 

CH,COOH-[-C4-^C8->2COs + C* [11] 

The experimental support for this scheme comcides m many instances with the 
evidence which led ongmally to the formulation of the “citnc acid” cycle for the 
metabolism of pyruvic acid In fact, m some respects the r61e of the tnc^-rboxyhc 
acids IS better imderstood for the oxidative phase of fatty acid and acetate 
metabohsm than for the oxidation of pyruvate Acetate and acetoacetate have 
been shown to form the mtermediate polycarboxyhc acids of the cycle, but it has 
remamed undetermmed whether pyruvate itself enters mto combmation with the 
Ci dicarboxyhc acids or whether the condensation is preceded by a degradation of 
pyruvate to a two carbon umt The sigmficance of the citnc acid cycle m the 
metabohsm of fat and carbohydrate respectively is still a matter of controversy 
Accordmg to Breusch, carbohydrate is not oxidized to an appreciable extent by 
way of the citnc acid cycle (168), while Weil-Malherbe (169) and Krebs (160) 
reject the view that the citnc acid cycle is mvolved m the oxidation of 
acetoacetate 

Acetoacetate, acetate and pyruvate have been shoivn to be convertible, m the 
presence of dicarboxyhc acids, to citrate and mtermediates of the tncarboxyhc 
acid cycle, but whether a smgle mechanism is mvoved m all cases is undecided 
However, the citnc acid cycle constitutes the most successful attempt to date 
to descnbe the oxidative phases of fat, carbohydrate and protem metabolism by a 
unified scheme which visualizes a junction of metabohc pathways and leads to a 
common mechamsm for the ultimate oxidation of the three major dietary and 
tissue constituents 
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The citnc acid cycle in relation to the metabolism of carbohydrate has been 
discussed m reviews by Werkmann and Wood (101), Krebs (102) and Evans 

(163) The citnc acid cycle ns a vehicle for fat ondation has been considered m 
detail by Wood (123) The present discussion will be concerned pninanly with 
experimental data which deal with the oxidation of acetic acid 

Smee there is little evidence to support the assumption that the carbon chain 
of acetate as such is susceptiblo to oxidation the questiou arises as to the steps 
which precede the conversioa of acetate to carbon dioxide and water Breusch 
(168) has suggested that the mtennediato 0 keto acids formed m fatty acid 
oxidation combme directly with oxalacetate to give a product which contains the 
two terminal carbon atoms of the fatty acid chain, leaving a fatty acid shortened 
by two carbon atoms. According to this view, two carbon compounds would not 
arise as distmet mtcrmediates m fat oxidation Since acetic acid is a compoimd 
of great chemical stabihty and, compared to other metabohtes, relatively un 
reactive m some biological aystema, the view has frequently been expressed (123) 

(164) that acetio acid itself may never arise but may be the stabiliiation product 
of a more reactive Ci unit The identity of this mtermediate has not been 
established in animal tissues Judgmg from the vanety of reactions which it 
undergoes in the mtact animal and m some isolated systems, acetio add must bo 
readdy convertible to the hypothetical reactive Cj fragment 

Ct + Cl addition The revcraal of the phoephoroclsstio sphtting of pyruvic 
acid to formate and acetylphosphate according to the equation 

CHiCOCOOH + HiPOi CHKlOOPChH, + HCOOH(H, + COi) [12r 

IS well established in bacterial systems (146) Lipmann has demonstrated con 
vmcmgly that acetyl phosphate is the product of this bacterinl dlfflnnilation 
(166) The preservation of a largo fraction of energy m the caiboxylphosphate 
facilitates the reverse reaction, i e , the carboxylation of the Ci compound, a 
reaction which is energetically improbable with acetate itself It has not been 
poesiblo to demonstrate acetylphosphate as a product of pyrumte metabolism m 
animal tissues nor can the evidence for the formation of acetylphosphate from 
acetate m animal tissues be considered suSicient Lipmann and Tuttle (160) 
have mcuhated extracts from pigeon liver with acetate and adenosine tnphos 
phate and observed that on addition of hydroxylamine and feme chlondo a 
chromogen was formed which had tho properties of hydroxamic acids obtainable 
from acetylphosphate or aldehydes, but more direct proof is desirable to establish 
the identity of the acetyl compound formed under these conditions Tho reversal 
of reaction [12] is a formylation rather than a carboxylation and apparently COi 
can bo utihted only m organisms which hydrogenate carbon dioxide to formate 
In conaidenng tho likelihood that reaction [12] occurs m ammnl tissues, it should 
be noted that so far no function has been assigned to formic acid in ammnl 
metabolism ’ Experiments of Lorber ot al (121) m which the isotope distnbu 

I This statement may have to be revised in view of tho recent finding by Buchanan and 
Sonne (167) that formate is utiliied in uric acid synthesis by pigeons The authors suggest 
that formic acid may arise by oxidation of acetate 
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tion in glucose was studied after feeding of labelled acetic acid contain no evidence 
for Ca + Cl addition Carboxylation of acetic acid which contained C*’ m the 
carboxyl group would yield pyruvate with the labeled carbon at the a carbon 
atom If such pyruvate were further carboxylated to oxaloacetate and reformed 
after passmg through the stage of a symmetncal dicarboxyhc acid, the isotopic 
carbon would become equalized between the a and j3 positions of pyruvate 
Glucose formed from the smgly labeled p 3 Tuvate should contam isotope at 
positions 2 and 6 and, if formed from doubly labeled pyruvate, m positions 1 and 
6 as well Actually a significant excess of C** was encountered only at positions 
3 and 4 Thus a carboxylation of acetate to p 5 TTivate cannot be responsible 
for the mcorporation of acetate carbon mto the glucose umts of glycogen Data 
pertammg to the formation of glycogen or mtermediates of the citnc acid cycle 
m the presence of labeled COs do not permit any deductions as to the occurrence 
of acetate carboxylation because any labeled carbon entermg by the latter 
reaction becomes mdistmguishable from the carbon which is mcorporated mto the 
C 4 dicarboxyhc acids by the primary carboxylation of pyruvate to oxalacetate 
Ci + Ci addition There exist several observations which are consistent with 
Thunberg’s suggestion (55) that succinate might anse by the Imkang of the 
methyl groups of two moles of acetate The conversion of acetate to succmate 
by yeast with acetate as the sole nutnent was attnbuted by Wieland and Sonder- 
hoff to the dehydrogenative couphng of acetate (153) In an analogous experi- 
ment with deuteno acetate Sonderhoff and Thomas (127) found high concentra- 
tions of deutenum m succinate and citrate and mterpreted their results as 
evidence for reaction [10] The proof for this contention would be conclusive 
only if the succinath contamed close to four atoms of deutenum instead of the 
two atoms actually found More than one pathway can account for the observed 
level of isotope m succmic acid The same qualification apphes to the findmgs 
on succinate formation from labeled carbon contammg acetate by Aeroiacter 
tndologenes (108) The possibdity that m both cases succinate arose by way of 
the tncarboxyhc acid cycle cannot be excluded At the present moment no 
expenments are available which establish the occurrence of reaction [10] m the 
conversion of acetate to succinate Whenever succmate formation from acetate 
IS demonstrable, succinate is not the sole product but a-ketoglutarate and tn- 
carboxyhc acids also accumulate If acetate were metabohzed accordmg to 
equation [10] a mechanism should also be available for the subsequent conversion 
of succmate to ketoglutarate and citrate The discovery of the carboxylation 
of a-ketoglutarate to oxalosuccmate by Ochoa (168) provides a pathway to 
the tncarboxyhc acids, but the reversibility of the oxidative decarboxylation of 
ketoglutarate to succmate remams to be demonstrated 

Ct + Os addition The possibihties have been considered that acetic and 
pyruvic acids combme to form the five carbon acids a-ketoglutanc and aceto- 
pyruvic acids As a result of the current prommence of the tncarboxyhc acid 
cycle these two processes, which would lead directly to five carbon acids, have 
received dimmishmg attention Krebs and Johnson (169) have suggested the 
formation of aceto-pyruvate accordmg to the equation 
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CH|C0| 0H + Hl CHiCOCOOH CH,COCH,COCOOH 
GHjCOCHiCOCOOH + iOi -» CH,COCH,COOH + CO, + H,0 [18] 

08 a conceivable mtennediate for the conversion of pyruvate to acetoscetate m 
liver The utHiiation of acetopyruvate by intact animals and in isolated tissues 
has been studied by Lehnlnger (170) The compoimd uns found to be ketogenic 
Smce acetoacetate can bo metabolised by way of the tncarboxyho acid cycle the 
reaction offers a chemically plausible scheme for the conversion of pyruvate to 
the oxidation ievel of acetate 

AcetopjTuvate cannot be an obhgatory mtennediate in ketone body formation 
from fatty acids. Wemhouse et ah (70), in a study of the oxidation of labeled 
ootanoic aad by liver, found an isotope distnbution m acetoacetate which elimi 
nated the participation of pyruvate as an essential component It is however 
conceivable that ketone bodies can be formed by two mdependent synthetio 
processes, by condensation of two molecules of acetate and by combmation of 
acetate with pyruvate 

a Ketoglutarate la a key substance m the tncarboxyhc aad cycle and a 
demonstrable intermediate whenever fatty acids or pyruvate are oxidised A 
process leading to a ketoglutarate by "end to end” condensation of acetate 
and pyruvate has been suggested by Krebs (171) 

HOOCCHtpT^jCHjCOCOOH HOOCCH.CH.COCOOH [14] 

Wemhouse et aL have observed the formation of labeled a keto^utarate from 
isotopic acetate and normal oxaloacetate in rat kidney shces or mmce, but found 
no evidence for the simultaneous formation of marked tncarboxyllo acids (172) 
In them experiments non isotopic citrate and cis-acomtate were added as earners 
to facihtate the recovery of citrate at the end of the incubation penod The 
failure of acetate carbon to become mcorporated into citrate m spite of the 
presence of acomtaee, led the authors to the conclusion that citnc acid as such 
was not m the pathway of acetate oxidation by kidney These results would 
seem to suggest that odretoglutarate aroee from acetate and pyruvate according 
to equation [14] without mtervention of the tncarboxyho acids However m 
this case the data exclude ngidly only the formation of citrio add itself It does 
not appear to be feasible to isolate isocitnc acid or cia acomtate from such expen 
ments That the latter two tncarboxyhc acids may have been intermediates 
becomes dear from kmetlo data of Martins (173) and Krebs (174) These 
authors have shown that in sj’stems containing the tncarboxyho adds and 
acomtaso the conversion of cis-acordtate to isodtrato proceeds much more rapidly 
than to citrate As the conversion of isocitrate to a ketoglutarate is also a rapid 
reaction it is possible that in the experiments of Wemhouse et al cis-acomtate 
or isocitrate were the imtial reaction products but that the breakdown to o-koto- 
glutarate proceeded at a much faster rate than isomerisation to citrate 

In a more recent mvestigation (176) the same authors report that after Incu 
bation of kidney with isotopio acetoacetate and normal oxaloacetate, without 
addition of non isotopio earner citrate could bo isolated directly and shown to 
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contain an isotope level -whicli indicated that about two-thirds of the citrate 
arose from the isotopic acetoacetate These recent experiments differed from 
earher ones only m that acetoacetate mstead of acetate was the substrate In 
view of the fact that acetate is readily convertible to acetoacetate under these 
conditions it is not apparent why labeled citrate should not have formed m both 
mstances 

In an analysis of the available data pertaimng to the citnc acid cycle, Wood 
(123) pomts out that a-ketoglutarate formation accordmg to reaction [14] as 
opposed to its formation from tncarboxyhc acids cannot be ruled out at the 
present If reaction [14] were responsible for a-ketoglutarate formation rather 
than the oxidative decarboxylation of isocitnc acid, then the formation of tncar- 
boxyhc acids would have to be ascnbed to the carboxylation of a-ketoglutarate 
to oxalosuccinate and reduction of the latter to isocitrate Experiments ivith 
labeled test substances and studies of isotope distnbution m the a-ketoglutarate 
formed from either labeled acetate or acetoacetate have been mcapable of pro- 
viding an answer as to which reaction occurs Labeled carbon -will occupy the 
same positions whether a-ketoglutarate is formed by oxidative decarboxylation of 
isocitrate, duectly from acetate and pyruvate or by carboxylation of succmate 
formed accordmg to equation [10] The condensation of oxaloacetate and acetate 
to a tncarboxyhc acid does not as such involve an oxidation but can be formu- 
lated either as an addition if isocitrate is the pnmary product, or as a condensa- 
tion with elimination of water if cis-acomtate is mitiaUy formed It differs m 
this respect from reactions [10] and [14] m which the couplmg process is oxidative 
Experimentally it has been found that the formation of the intermediates of the 
citnc acid cycle requires aerobiosis (176) unless a hydrogen acceptor such as 
oxaloacetate is present m excess (177) This may mdicate the occurrence of 
oxidative condensations or, as is generally beheved, oxygen may be necessary to 
effect the transformation of the reactants mto activated forms or denvatives 

There is only scant information on the mechanisms by which carbon-carbon 
bonds are established biologically It may be pomted out that m the few pro- 
cesses m which the chemical identity of the reactmg molecules seems well estab- 
hshed, e g , m the formation of hexose from tnose, or of acetoacetate from acetate, 
or m the carboxylation of pyruvate to oxaloacetate, at least one Of the reacting 
groups IS a carbonyl group No instances are known of a formation of carbon 
to carbon bonds by elimmation ol hydrogen between methyl- or methylene 
groups 

C 2 -h Ci condensatton At present the ultimate oxidation of the spht products 
of fatty acids can be explamed most satisfactorily by assummg the mtennediate 
formation of a tncarboxyhc acid accordmg to equation [11] and the subsequent 
breakdown of the condensation product by way of a-ketoglutanc acid and the Ci 
dicarboxyhc acids Reaction [11] was ongmally proposed by Virtanen (178) to 
account for citrate formation from acetate m macro-organisms The foUowmg 
evidence has been secured in support of the suggested r6Ie of the citnc acid cycle 
for fat and acetate oxidation m vanous biological systems Wieland and 
Sonderhoff (163) found succinate and citrate to accumulate as products of acetate 
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(radation by yeast when acetate was the sole nutnent Under these conditions, 
the yield of citrate is increased by the addition of oxnloacetate (179) Succmato 
and citrate formed from deutenoacetate contamed 60 per cent and 40 per cent 
respectively of the deuterium concentration of acetate in stablj bound form (127) 
Lynen has contributed important evidence to show that the formation of sue 
cmate from acetate m yeast mvolves the tncarboiylic acid cycle (157) He 
demonstrated that the malonate inhibition of acetate disappearance could be 
overcome by fumaiate or oxalacetate on^ cites this findmg os evidence for a 
requisite participation of the Ci dicarboityho acids m acetate oxidation The 
observation that the rapid disappearance of acetic aad m yeast is preceded by an 
mduotion period was mterpreted to show that a second component must ac 
cumuiate before acetate can be metabolised at the maximum rate A stimu 
latory eSFoct of citrate, a ketoglutarate and the Ch dicarboxyhc acids has been 
observed for the aerobic disappearance of acetoacetate m kidney homogenates 
by Buchanan et ol (180) Wicland and Rosenthal (170) obtained optimum 
yields of citrate m kidney brei when acetoacetate was oxidised m the presence of 
oxnloacetate The identity of the reaction product with oitnc acid was estab- 
lished by direct isolation Hunter and leloir (177) have shown that two 
molecules of extra citno acid arise from each mole of acetoacetate They have 
made the observation that m their experimental system, which consisted of the 
insoluble particles of ladnoy cortex homogenate, the simultaneous oxidation of 
o-ketoglutarote iras essential for citrate formation. This oxidative process is 
beheved to furnish the necessary energy for the conversion of acetoacetate to the 
intermediate which condenses with oxsJoscetate JLehnmgBr (89) has found that 
the oxidation of octanoic acid m a preparation of washed rat liver cells yields 
ncotoacetata quantitatively, but that in the presence of fumarate, citrate and 
a ketogiutarate accumulate m significant quantities at the expense of acetoace- 
tate According to Breusch (181) an enijme can be extracted from kidney, 
bram and skeletal muscle which catalyzes the anaerobic condensation of j3 keto 
acids with oxaloacetate to citrate 

In addition to the balance studies a number of experiments have been earned 
out with isotopically labeled substances Buchananetal (180) meubated kidney 
homogenates with CHjC’OOH or acetoacetate marked by heavy carbon at 
both carboxyl and carbonyl positions. Non isotopic ketoglutarlc acid, fumarate 
or suednate were added as earners, when re isolated after meubation these adds 
were shown to contain C” in the carboxyl positions. It was calculated that the 
7 -oarboxyl of a ketoglutarate contamed blmost ten times as much as the 
carboxyi carbon adjacent to the carbonyl group Essentially the some findings 
were obtamed by WeinhouBe et nl (172) The formation of labeled citrate from 
acetoacetate recently demonstrated by the same authors (176) has been men 
tinned above 

Intermediates of the citno acid cycle can bo obtamed from isolated tissues 
on incubation with a vanety of substrates but since they are short hv ed inter- 
mediates in vao they are not obtainable as such in sufficient amounts frommtact 
enimals. It has therefore not been possible to secure direct evudence as to 
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whether the tncarboxyhc acid cycle is concerned m fatty acid oxidation also m the 
intact animal Feeding experiments have been earned out by Buchanan, 
Hastings and Nesbett (120) with acetic, propiomc and butync acids, all of which 
contamed C“ m the carboxyl group Glycogen isolated from such animals con- 
tamed radioactive carbon m concentrations which m the case of acetate 
feedmg were attnbutable to mcorporation of CO 2 , but were significantly higher 
with radioactive propionate and butyrate Evidently the latter two acids had 
furnished carbon for glycogen synthesis by conversion to intermediates of 
carbohydrate metabohsm With the aid of degradation procedures ivhich allow 
isotope determinations at mdividual carbon atoms of the glucose molecule (116), 
Wood and his collaborators have been able to show that the carboxyl carbons of 
acetic acid appear at positions 3 and 4 (121) and the methyl carbons at positions 
1, 2, 6 and 6 of the glucose molecule (182) Thus, both carbon atoms of acetic 
acid are mvolved m glycogen formation Butrync acid CHsC‘’HjCHsC“OOH 
afforded the same isotope distnbution m glycogen as CHsC'*OOH (182) From 
these findmgs the conclusion can be drami that there exists a pathway for the 
conversion of the two carbon split products of fatty acids mto the glucose umts 
of glycogen In this process each carbon atom of glucose can onginate from 
fatty acid carbon 

Glutamic and aspartic acids are beheved to be m biological equiJibnum with 
a-ketoglutarate and oxaloacetic acid Any mcorporation of marked fatty acid 
carbon mto mtermediates of the tncarboxyhc acid cycle should therefore bec6me 
manifest by the formation of labeled aspartic and glutamic acids The two 
ammo acids have been isolated by Rittenberg and Bloch from the tissue proteins 
of mice which had received CHsC’OOH, and were shown to contam significant 
concentrations of (183) 

While the evidence which has accumulated m favor of the tncarboxyhc acid 
cycle 18 impressive it should be emphasized that this scheme does not offer a 
umque explanation for the formation of tn- and dicarboxylic acids as products 
of fatty acid oxidation The foUowmg pomts of the cycle need further clarifica- 
tion 1, the identity of the mtermediate of fatty acid and pyruvate metabolism 
which condenses •with oxaloacetate, 2, the nature of the mitial condensation 
product, 3, the existence of one or more mechanisms for the oxidation of acetate, 
acetoacetate and pyruvate respectively 

Although the stimulatory effect of the C< dicarboxyhc acids on citrate forma- 
tion is eidubited not only by oxaloacetate but also by sucemate, malate and 
fumarate, it is reasonable to asume that the effect is attnbutable m all cases 
■to oxaloacetate The nature of the acetyl compound which participates m the 
condensation process is less e’vident In some systems mtermediates of the cycle 
are formed from acetate as well as from acetoacetate, while m other situations the 
two substances cannot be employed mterchangeably In balance studies ■with 
kidney preparations (176, 177) and m the experiments of Lehmnger (06) with a 
heart muscle preparation only acetoacetate was an effective precursor of citrate 
The failure of acetate to react m kidney preparations is unexpected because 
acetate is readily converted to acetoacetate m this organ On the other hand, 
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Buchanan et al (180) found that labeled acetate was as effective aa acetoacetate 
in fonnmg labeled a ketoglutarate in kidney homogenate It should be re- 
emphasiiod m this connection that with the aid of the tracer techmque a conver- 
sion can be demonstrated even if there Is no net change m the concentration of 
the reaction product, e g , citrate or a ketoglutarate. This is important m 
systems m which the product is metabolised further at a rapid rate ' 

In general, acetoacetate appears to be the more roaoUv e molecule with regard 
to the condensation reaction On the basis of their data Wieland and Rosenthal 
(176) postulated that acetoacetate itself condensed to yield the hypothetical pro 
atno acids, citroylacetic or acetyloltnc acids Wanhouse et nl were able to 
isolate C“ containing citrate from kidney homogenate when acetoacetate was the 
substrate (176), while in eariier experiments under similar conditions, labeled 
acetate yielded isotopic a-keto^utarate but not citrate (172) The preferential 
utilization of acetoacetate might be taken to Indicate that acetate enters the 
tncarboiyho acid cycle by way of acetoacetate However, several situations 
exist for which this explanation does not hold Citrate is a product of acetate 
oxidation in yeast, but as far aa is known, the conversion of acetate to acetoace- 
tate does not occur m this organism Medes ct al have shown that acetate 
undergoes complete oxidation in heart muscle but that acetoacetate is not an 
mtennediate (86) In kidney also a portion of acetate was oxidized by a route 
which did not pass through the acetoacetate stage The data allow for two 
possible explanations 1, acetate and acetoacetate enter the tnesrbexyhe add 
cycle by a different process, and 2, a reactive acetyl compound is formed from 
both acetate and acetoacetate before condensation occurs In the utilization of 
acetoacetate a preliminary sphtting to acetic acid can be excluded as an mter 
mediate step Buchanan etal (184) added normal acetate and isotopic acetoace- 
tate to on extract of rabbit kidney and found that the acetic acid recovered from 
the mixture after meubation contamed appreciably loss isotopo than a koto- 
glutarate or succmate From energy considerations it is to be expected that an 
energy nch acetyl can arise far more readily from acetoacetate than from acetate 
The inability of acetate to substitute for acetoacetate may be ascribed to an 
impairment of the enzyme system responsible for the conversion of acetate to the 
metabolically active form Although acetoacetate is an efficient source of citrate 
m vonous tissue systems, it is highly doubtful that it is on obligatory mter- 
mediate m tncarboxj ho acid formation from fatty acids In the experiments of 
Lehnmgcr with washed hver cells, acetoacetate, unlike octanoic acid, was In 
capable of yielding citrate (89) The preparation apparently had lost the prop- 
erty of converting acetoacetate into the active two carbon fragment. The 
reasons which led to the behef that in the mtact animal acetoacetate is not an 
intermediate of fatty acid oxidation have been discussed above 
Since the experimental conditions employed by various mvestigatore for the 
study of the same problem vary widely, particularly with respect to methods of 
tissue preparationB, it is not surpnsmg that such experiments have often yielded 
contradictory results and that it is not possible to fit all avaUablo data mto a 
single scheme It is evident that with incroasmg impairment of the cellular 
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organization the enzymatic complement of the biological system becomes 
mcreasmgly deficient and hence the probabihty will dimmish that a complex 
senes of reactions can take place Processes which have high energy demands 
and must be coupled with energy yieldmg reactions such as the conversion of 
acetate to an active acetyl are less likely to occur m homogenates or tissue 
extracts than m systems m which the cell structure is preserved 

Lipmann has shown that by the addition of adenosme tnphosphate acetate can 
be activated to acetylate sulfanilamide anaerobically m pigeon hver extracts (2) 
The expectations, based on this finding, that the active C 2 compound which is m- 
volved m the tncarboxyhc acid cycle may be identical with acetyl phosphate, 
have not been fulfilled Under conditions m which citrate formation can be 
demonstrated to occur with acetoacetate but not from acetate, acetylphosphate 
IS also ineflFective (184, 177, 89) In order to determme the identity of the 
active two carbon compound, Lehmnger (89) has also tested the effect of glyco- 
late, glyoxalate, oxalate, acetaldehyde, ethanol, acetamide and glycme None 
of the compounds yielded extra citrate under conditions which afforded citrate 
from octanoic acid 

Smce cis-acomtate, isocitrate and citrate are biologically mterconvertible, 
the identity of the tncarboxyhc acid mitially formed m the citnc acid cycle 
has remamed m doubt In the presence of acomtase the B 3 ^tem will contam all 
three acids irrespective of the nature of the primary condensation product (173, 
185) The cycle as ongmally proposed by Krebs and Johnson (185), m which 
citnc acid was the mitial condensation product, had to be modified when it was 
found by Evans and Slotm (186) and by Wood et al (187) that the a-ketoglutar- 
ate formed m pigeon hver homogenate from labelled CO 2 and pyruvate contamed 
labeled carbon only m the carboxyl group adjacent to the carbonyl group, and 
that when malonate was present, the succinate formed contamed httle C** (186) 
The tncarboxyhc acids could therefore not have ongmated from a symmetncal 
citnc acid An unsymmetncal molecule must also have been the precursor of 
the dicarboxyhc acids which Buchanan et al (180) and Wemhouse et al (176) 
obtamed as the reaction product of labeled acetoacetate or acetate, and oxaloace- 
tate In the a ketoglutarate obtamed from the latter experiments only one- 
sixth and one-fourth respectively of the total isotope was present m the carboxyl 
adjacent to the keto group, it should have contamed half of the total, if a sym- 
metncal tncarboxyhc acid had been the precursor Likewise, m glutamic acid 
isolated from the protems of animals which had received carboxyl labeled acetic 
acid the heavy carbon ivas not evenly distnbuted between the two carboxyl 
groups (183) The C*’ content of the carboxyl adjacent to the ammo-group 
accounted for only one-fourth of the total, whereas it should have contamed half 
of the total if the a-ketoglutarate arose from a symmetncal precursor Thus, 
in the mtact animal also, the a-ketoglutarate formed m the process of acetate 
oxidation is denved from an mtermediate m which the onentation of the labeled 
carbon is preserved The much higher isotope content of glutamic than of 
aspartic acid isolated from this expenment suggests that only a small fraction of 
the isotope mcorporated mto the glutamic acid was contnbuted by CO 2 assunda- 
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Ijon The carbon chain of aspartic acid is believed to bo furnished by omlace- 
tato If isotope had entered exclusively in the form of COj by the carboxylation 
of pyruvate to oxnlacetate, then aspartate should contain not less but ns much 
or more heavy carbon than the a kotoglutano acid which is subsequently formed 
from oxalacetate b\ ney of a tncarboxyUo add 

The results obtained with labeled substances dunmate a symmetncal molecule 
as the imtial condensation product, but do not mdicate which tricarboxylic acid 
18 involved In addition to isocitrate and cis-acomtate, the two acids which 
accordmg to present views are the most likely Intermediates, oxalosuocmato has 
become a possible intermediate since Ochoa (168) has demonstrated reversibihty 
of the isodtrate-oxnlosuccinato conversion Citnc acid has a S 3 Tiimotncal carbon 
ebam but the possibility still exists that a citno acid which is substituted at 
one of the two primary carboxyl groups lies on the mam path of the cycle The 
suggestion of Wieland and Rosenthal (176) that the citnc acid formed m kidney 
from aoetoacetate might have arisen secondarily from a procitnc ncid contaimng 
eight carbon atoms has been mentioned Lynen (188) 6nds the formation of 
citrate from acetate and oxalacetate by yeast to be promoted by the simultaneous 
oxidation of succmaldehyde and boheves that the function of this reaction is to 
convert either one of the components into a more reactive dcnvative If the 
condensation takes place with an acetyl compound CHa COR, a substituted 
unsymmotncol citrate molecule may result, which could be converted to cis- 
oconitate without elimination of the substituent R. Lynen has pointed out that 
the data of SondorhofT and Thomas (127) on the formation of labeled citrate and 
succinate m yeast, also rule out a symmetrical citnc acid Succinate formed from 
tndeutenoacetato by way of a symmetncal tnoarbaxyhe acid could not have 
contamed more than one atom of deutenum, but was actually found to contam 
two atoms The suggestion that on unsymmotncally substituted citnc acid 
denvativo is mitially formed would also account for the unequal distnbution of 
isotopic carbon in a ketoglutarate formed from labeled acetate or acetoacetate 
The question concerning the identity of the imtial reaction product might he 
clanfied matenally if it were possible to establish whether citrate formation 
occurs only in systems which contain the eniyme aconitase Accordmg to 
Krebs (102) this enxyme is absent from yeest In this case the citnc acid arising 
m the course of acetate oxidation by this organism could not have been formed 
secondarily from isocitrate or cis-aconitate but must haim been the primary 
condensabon product 

A discussion of the idle of the citric acid cycle m carbohjdralo metabolism 
IS beyond the scope of this review, but it may be pomted out that no endence 
exists to support the contention that the tnearboxyhe add formed m the oxida 
tive metabolism of pyruvate is identical with that ansing from fattj acid oxida 
tion The 6ndmg of Martius (189) that oxalocitmmalato, the condensation 
product of pyruvate and oxalacetate, is not attacked by kidney tissue is hardlj 
suflident evidence to nde out the occurrence of mtermediate Ci tnearboxyhe 
acids. As the expenence with yeast has shown (190, 167), the lack of metabolic 
activity of a substance added to a biological sj'stcm may be apparent only and 
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may be caused by mabibty of the substance to penetrate cell walls This is 
particularly true for polycarboicylic acids Furthermore, there are other C 7 
acids which could conceivably anse from pyruvate and oxaloacetate and which 
have not been tested biologically (formylcitnc, oxalocitracomc acids) 

The conclusion that the tncarboxylic acid cycle provides an important mecha- 
nism for the complete oxidation of fatty acids m the mtact animal is based on 
evidence of indirect nature The appearance of isotopic carbon m the glycogen 
of animals fed labeled fatty acids and m the dicarboxylic ammo acids after feed- 
mg of acetate is not by itself mdicative of the mechanism responsible, but is most 
reasonably ascnbed to pathways which lead to the mtermediary formation of 
tncarboxyhc acids It is not possible at present to determme what portion of 
the fatty acids is oxidized m the mtact animal by this route From the high 
isotope level m glycogen m the experiments of Buchanan et al (120) and of 
Lorber et al ( 121 ) it is clear however that a significant fraction of acetate and 
butyrate respectively was metaboUzed by way of the tncarboxyhc acid cycle 
In these experiments with starved animals, ordmary glucose was given simul- 
taneously with the labeled fatty acids m order to msure glycogen deposition 
The labeled glycogen ansmg from the labeled fatty acids was therefore diluted by 
glycogen formed directly from dietaiy glucose 

The finding- of Wood et al (182) that the same isotope distnbution m glucose 
obtains with butyrate labeled at carbon atoms 1 and 3 as with carboxyl labeled 
acetate demonstrates the breakdo'W'n of butyrate to two acetyl groups and 
furnishes additional evidence for the view that fatty acids are degraded by suc- 
cessive removal of two carbon umts These data are not m agreement with the 
suggestion of Bhxenkrone-Moeller (191) that butyrate might be oxidized to 
succinate directly by 03 oiSdation 

The results obtamed durmg the past few years have not only provided the 
basis for a reasonable scheme of the total oxidation of fatty acids but have also 
clarified the controversial relationship of fat and carbohydrate metabolism 
From the findmgs discussed above it may be concluded that fatty acids are 
convertible to carbohydrate in a restncted sense The spht products of fatty 
acid oxidation contnbute to carbohydrate synthesis but the fatty acids by them- 
selves are mcapable of causmg an mcreased formation of glucose or glycogen 
because the mechanism by which the fatty acid carbons find their way mto 
glucose requires the participation of carbohydrate itself This explains why m 
the starved or diabetic animal fatty acids and acetate do not show a glycogenic 
effect 
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BIOLOGICAL AND MEDICAL APPLICATIONS OF 
ELECTROPHORESIS 

JOHN A. LnETSOHEH, Ja. 

Departmeni of Modietne, Johnt Hopktnt Vraoemiy end Hotpilol, BaUimort, Ud 

The need of an effective method for the separation and analysis of miied pro- 
teins has been uniquely met by recent improvements m the electrophoretic 
method The ordinary principles of quahlative analysis are inadequate to deal 
■with proteins, whose components are similar and whose characteristics are de- 
termined less by their composition than by their structure Furthermore, 
proteins may bo easily modified and their distinctive properties may bo destroyed 
by the chemical treatment necessary for their separation. The physical methods 
are better fitted for the task A distinctive structural characteristic of the pro- 
tein is used m the separation, and the forces apphed are extraordinarily harm 
less The amount of matenal necessary for physical analysis is irmnll. XRtra 
centrifugation (329) and electrophoresis share these properties and jneld 
■valuable, mdependent information on the charactensties and composition of 
proteins 

Technique The movement of protem ions m an electnc field has emerged 
dunng the last decade as an important biochenucal method (46, 166, 170, 186, 
214, 323, 824, 328, 338, 366, 360) Earher studies were lumted by tec^cal 
difficulties and the present usefulness of the electrophoretic method has de 
veloped largely from improvements m techmque Ten years ago, Tlsehus 
described the apparatus which gave speed and precision to the movmg boundary 
method and made poemble the quantitative study of complex protems (348) 
Longsworth, Philpot, and Svensson adapted the optical system to simplify the 
quantitati^ve analysis of mixtures (110, 131, 163, 164, 166, 170, 173, 213, 260, 
330, 331, 838) These techmeal improvements opened now fields of mvestiga- 
tion, which ha^vo been widely explored and described m a hterature so extensive 
as to be difficult to bring together m a reviow of reasonable length This review 
is limited almost entirely to the work of the last decade The reader will 
doubtless find apphcations to his own field of mterest ■which can bo fully appre- 
dated only after study of onginal work in that field 

In the “moidng boundary” method of electrophoresis, a sharp "houndary" 
between a protem solution and Its solvent ui formed and observed as the protem 
moves in an electric field If the protein is homogeneous m mobihty, the bound- 
ary remains sharp and smgie If there are different species of protein in the 
solution, they may move with different speeds, so that the original, sharp, 
protein-soli'cnt boundary becomes wider and may separate into several bound 
aries, each representing the end of a cdimm of protein of different mobihty 
The number and position of the boundaries are observed by means of the change 
m refractive mdex produced by the change in protein concentration If the 
specific refractive merement of each protem is known, the concentration of the 
components of a mixture may be measured Under suitable conditions, the 
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slowest and fastest components may be separated from the mixture and recovered 
mjaearly pure form 

Electrophoretic study of insoluble proteins can be made by the microscopic 
observation of the motion of particles Inert particles coated with protem 
generally move with the same mobihty as the dissolved protem (221, 222, 223, 
300, 307) The surface of hvmg cells may be studied by sumlar observations 
Abramson, Moyer, and Gorm (10) have reviewed the earher micro-electrophoretic 
studies and mcluded an account of their interesting studies on cells Electro- 
osmosis and membrane potentials are considered to be corollanes of electro- 
phoretic migration 

Observation of punfied proteins has brought out the dependence of electro- 
phoretic mobihty on the pH and lomc strength of the solution, and curves of 
mobihty at various hydrogen-ion concentrations are closely related to the acid- 
base titration curves of the protein or other amphotenc substance (4, 10, 54, 
322, 338, 360) The mobihty of protein is affected not only by the quantity of 
ions present but also by the types of ion in the solvent (16, 338, 349) Smce the 
relative mobdities of the components of a mixture determine the completeness of 
electrophoretic separation, the choice of buffer is of cntical importance Fur- 
thermore, the boundary anomahes and the corresponding uncertainty of anal5rti- 
cal accuracy may be reduced in proper buffers (66, 165, 167, 170, 336, 338) 
The avoidance of convection requires accurate adjustment to the temperature 
of maximum density of the solution studied (12, 165, 207, 211) 

Blectophorehc Observations and Applications The simplest type of observa- 
tion which can be made by electrophoresis is the enumeration of boundaries 
The component protein fractions may be further descnbed accordmg to their 
mobihty under one or more conditions of pH and lomc strength Tisehus and 
Stenhagen described the electrophoretic fractions of the plasma proteins m this 
way, identifymg albunun, fibrmogen, and the three globuhn fractions which were 
named alpha, beta, and gamma m the order of their mobihties (320, 348, 349, 
350) 

Electrophoretic homogeneity is sometimes interpreted as chemical homo- 
geneity without adequate proof or reservation There are many other important 
cntena of the purity of protems, including chemical analysis, crystallimty, 
ultracentnfugal analysis, and, perhaps, most important, constant solubility 
(302) Biological activity may be used as a crude measure when present These 
methods are unfortunately contradictory m some cases The weight which is 
placed on the electrophoretic measurements should depend on the completeness 
of exammation under ivide vanataons of pH, lomc strength, and buffer salts, 
with a protem concentration adequate to detect small amounts of an impurity 
In certain cases, it is easy to decide the relative value of electrophoresis Crystals 
of serum albumm, egg albumm, or hemoglobm, studied by electrophoresis, 
may show recogmzable contaminants from the native mixture (145, 168, 187, 
216) A pure preparation may become electrophoretically impure on standing 
(216, 304) On the other hand, insuhn appears the same to electrophoresis, 
whether the preparation is crude or purified (100), and solubihty has proved a 
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more Beumtave cntenon than electrophoreaiB in the study of pepam (107) and 
chymotrypslnogen (28) Ultracentnfugntion may yield simpler patterns than 
electrophoresis, as m normal serum globuhn (242, 329) and eniymatic digests 
(01, 248, 362), or more complex pattoms than clectrophoresiB, as m the abnormal 
serum globulins of multiple myeloma (130, 196, 242) Electrophoretio homo- 
geneity IS obviously a very limited measure of punty when the preparation has 
been made by electrophoretic separation 

The most fruitful use of this type of observation has been m the gmdanoe of 
chemical separation of proteins from natural sources The results have been 
equally important to the student of electrophoresis, smce they have identified 
the chemical and biological nature of the electrophoretic components 

In eitensivo studies of plasma proteins, E J Oohn and his associates have 
used the electrophoretic method as a control m fiactionsbon (43, 44, 46, 46), 
obtaining not only purified fractions of biological and medical value, but also a 
vast store of information correlating chanucnl and biological properties with eleo- 
trophorebc behavior Electrophoretic control of classical and newer methods 
of plasma fractionation has found general acceptance (01, 62, 63, 03, 119, 
332, 349, 360, 381) This co-ordinated approach has been less often apphed to 
the proteina altered by disease in order to elucidate the changes inadequately 
described by electrophoresis alone Longaworth (169) demonstrated the in- 
creased hpoid content of the beta-globulm in nephrosis and m obstructive jaun- 
dice Recently, Seibert (290) has correiated the increased polysaccharide 
content of blood with the mcreaso in alpha 2-globulin seen m pneumonia, tu- 
berculosis, and ccrtam forms of cancer 

The stnkmg changes which occur in the electrophoretic pattern of serum 
during immnmration and after reaction with the specific antigen give a clear 
picture of the appearance and removal of antibody Such studies have been 
equally important in the understanding of the electrophoretio pattern and in 
establishing the relationship of antibody to the plasma proteins The early 
studies of 'nsehus and Kabat showed that circulating antibodies appeared in 
the gamma-globuhn fraction of rabbit plasma (360, 363, 368) and this has been 
abundantly confirmed in many spedea (62, 63, 67, 73, 132, 206, 209, 231, 232, 
274, 289, 341, 346, 805, 366, 869, 382, 383) Even the "normal” adult man 
bears the scars of old battles with disease in his gamma globulin (63, 71) The 
inoreased globuhn after immunisation is not necessarily identical with normal 
gamma globulin (63, 104, 174, 363, 358, 366, 366, 368), nor is the increase 
m the gamma fraction entirely active antibody (270, 308, 371, 382) Less often, 
some antibody has been found in other globulin fractions (71, 73, 132, 230, 
286) The electrophoretio method has been useful in studying the chemical 
purification of Immune globuhn, but has found only a nunor place m the prepa- 
ration of highly purified antibody (336), sinco other methods have proved to bo 
more specific and effective 

Some information on the ongm of antibody has been contributed by White and 
Dou^erty (69, 378 379), who have shown that several proteins resembling 
those of serum may be formed In lymph nodes Those proteins are released from 
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the lymph nodes under pitmtaxy adrenocortical stunulation at the same time 
that antibody mcreases in the serum Since the adrenocorticotrophic hormone 
may also mcrease serum albumm (160), the ensumg relative changes in serum 
proteins may vary and can not be mterpreted in the absence of measurements of 
plasma volume It seems qmte clear, however, that several proteins, mcludmg 
antibody, may be mcreased m the circulatmg blood after pitmtary adrenocortical 
stimulation The r61e of the lymph node m the production of gamma-globulm 
has been corroborated by the demonstration m lymph nodes of a protem anb- 
gemcally identical with the gamma-globuhn of serum (127) 

The purification of proteins with hormonal and enzymatic activity has been 
aided by electrophoresis as a control and, m some cases, as a separative tool 
TheoreU combmed the chemical and electrophoretic methods m his purification 
of the yellow enz3mie (128, 343) and later of cytochrome C (344) i^parations 
of pepsm (106, 107, 352), chymotrypsinogen (28), phosphorylase (89, 374), 
zymohexase (310), 1-ammo-oadase (90), carboxylase (202), nbonuclease (269), 
mucopols^accharase (98, 99), and carbomc anhydrase (247, 311) have been ex- 
amined Enzymatic digestion of protem has been followed by electrophoresis 
(61, 248, 249, 356, 362, 363, 370), but ultracentnfugation is generally a more 
sensitive measure The preparations of the protem hormones of the pituitary 
have been guided by electrophoresis (38, 39, 161, 152, 153, 154, 156, 167, 159, 228, 
277, 299, 304, 376, 377) In the case of msulm, however, the method has not 
proved apphcable (100) Highly purified thyroglobulm is homogeneous m its 
migration (103) 

Many proteins of cells and their secretions (36, 36, 68, 69, 70, 91, 101, 114, 
116, 118, 122, 133, 155, 177, 200, 201, 217, 225, 258, 266, 316, 326, 327, 354, 357, 
380, 387, 388) have been subjected to electrophoresis, generally to estimate the 
punty or complexity of a preparation or to separate an active matenal, such as 
the hematopoietic factor of the hver (376) or the thromboplastin of lung (41) 
Other matenals, such as hemoglobin or egg albumm (11, 13, 18, 29, 64, 83, 168, 
240, 263) have been extensively studied because of their availabihty, ready 
crystaUization, and the wealth of comparative physico-chemical information, as 
well as for the interest m their biological properties (27) Bactenal antigens 
and toxins (1, 47, 82, 126, 126, 142, 162, 192), as well as active preparations of 
virus (24, 26, 72, 79, 146, 197, 198, 204, 229, 266, 267, 271, 293, 300, 303, 307, 
308) have been studied Plant extracts of many types show complex patterns 
which can usually be related to their chenucally separated components (16, 76, 
76, 77, 117, 264, 273, 280) 

A number of mterestmg mvestigataons deal with cell proteins which commonly 
give nse to hypersensitivity in man Seibert’s purification of tubercuhn pro- 
teins, gmded by electrophoresis, has led to a standardized testmg matenal of 
medical importance (92, 282, 283, 284, 286) Abramson, Moore, and Gettner 
have separated the proteins of hay-fever producmg pollens by electrophoresis 
and have identified skm-reactive fractions of low molecular weight, which may 
account for the unusual sensitizmg abihty of these pollens (6, 7, 8, 9) Chenucal 
methods of separation of pollen fractions have not been so effective under electro- 
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phorebo Borubny (233) Electrophoresis Ims found a place m the separation of 
the aDergenlo protein of cottonseed (316, 317) 

Intact hving cells move in the electno field. The influence of the solvent on 
this mobon may reveal properties of cell surfaces, Tvhich determine the mobihty 
(2, 10, 80, 105, 319) Intact red blood cells possess disbncbve surface character 
isbcs ■which are httle altered by suspension in protem solubons (6) and surpris- 
ingly unaffected by damaging agents (14) The ghosts of hemolysed red blood 
cells migrate with the same speed as the intact cell (3) and a component of mmiler 
mobihty has been identified in extracts of the cells (326) Spermatoioa show 
vanabons m isoelectno pomt and mobility, which allow separabon and perhaps 
some degree of sox differentiabon (806, 306) Bacteria migrate in the electric 
field, and some biological charactensbes may be correlated with mobihty (26, 
33, 78, 161, 236, 319, 372) Similar studies of protosoa have been made (193, 
291,306) 

Preparaiwe BUctrophoretu It is often desirable to recover one or more of 
the fraobons separated by electrophoresis for chemical characterisation or for 
study of biological acbvity Smee separabon and recovery are most successful 
when the mobihbes of the components are distineUy different, the oondibons 
ahoold be chosen with great cere In any smgle separabon, only the fastest and 
slowest components can bo obtained In pure form Fraobons of intermediate 
speed can be obtained by two or more steps, first isolating two faster components, 
for example, and then separabng them m a second operabon Given a mixture 
which can theoretically be separated, the chief problems are concerned with 
techmque, punty, and yield In general, techniques which give fractions of the 
hipest punty also yield very little matenal (337) and the collection of largo 
amounts of matenal is very tedious The conventional U tube design of Theorell 
(342) and Tisehus (348, 861) includes apparatus of ■varying size and with varying 
numbers of compartments which can bo closed off at the end of the separation 
Macheboeuf (184) desenbed an mgemous method of withdrawing samples ■with- 
out disasserabhng the apparatus B’vensson (333, 334, 388) uses a similar 
techmque m his apparatus, which is arranged to allow almost eonbnuous opera 
tion There are other quite different pnnaples of separation which have not 
yet reached the techmeal perfection of the convenUonal apparatus (337, 338), 
but which have great promise m suitable orcumstances “ElectrophoresiB 
convection” causes the concentration of protem against a semi permeable mem 
brane (94, 136, 343) Stationary electrolysis separates proteins of different 
isoelectno pomts (97, 361) Flowing, thm layers of protein have been used to 
facihtate separation (261) Packchanian desenbed a large honiontal apparatus 
suitable for separation of hving organisms (238) 

Analy sis of Plasma Prola nt. The quantitatiio analysis of the component 
proteins of mixtures has had its ■widest application m the analysis of plasma and 
of certain related fimds The onginal nomenclature of Tisehus is still in general 
use for the serum globulins, which are desenbed as alpha, beta and gamma in the 
order of their mobihbes in alkaline solutions. Certain subdiviaiona ha've ap- 
pearedi two alpha and two beta globulin fractions are often further identified by 
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the subscnpts 1 and 2 The complexity of the fibnnogen fraction is indicated 
by the appreciable protein of the same mobihty remaining after clottmg (385), 
which has been isolated and found to resemble gamma-globuhn (63) The wide, 
reversible spreading of the gamma boundary shows its heterogeneity (116, 121, 
294, 296) Albumm separates mto two components on prolonged electrophoresis 
(22, 113), especially just above pH 4 (178, 296) or m the presence of certain 
amons (16, 336) 

In the “normal” man and m certam animals, the electrophoretic fractions have 
acquired more or less substance of chemical and physical characterization Such 
information conSrms the complex nature of the alb umin and globuhn fractions 
(43, 44, 46, 46, 112, 199, 296, 332), as well as the presence of biologically active 
proteins m amounts too small to recogmze m the pattern of the native proteins 
(46, 237,262, 266, 281, 321) The association of carbohydrates and lipoids with the 
blood proteins is very mtimate (21, 22, 34, 186, 360, 386) and these substances 
affect both the refractive mcrement and mobihty of the proteins to which they 
are bound, chiefly the alpha- and beta-globuhns (21, 23, 140, 143, 249, 386, 386) 

When the proportions of the serum proteins are altered by disease, there may 
be quahtative changes m the fractions and not simply more or less of the normal 
proteins In the study of such changes, it is important to employ sintahle 
physical, chemical and biological techmques to correlate the electrophoretic 
patterns with more defimtive alterations in the proteins Many current reports 
are descnptive, a natural stage m the collection of information It is to be hoped 
that the mterest so aroused will stimulate the collection of more fundamental 
information on the altered proteins, so that these fractions, now only shadows 
on the electrophoretic diagrams, may be better defined 

The electrophoretic analysis of human plasma has become ngidly standardized 
m many laboratories, smce not only the quantitative distnbution of proteins but 
even the identity of fractions may vary somewhat with changes in the buffer (16, 
60, 136, 170, 217, 246, 336) The human alpha-l-“globuhn” of the most gener- 
ally used barbiturate buffer is mcluded m the “albumm” fraction m phosphate 
buffer, while the alpha-2 and beta globuhns are often more clearly separated m 
phosphate buffer Two useful buffers about which the most information has 
accumulated are sodium diethyl barbiturate of lomc strength 0 1 and pH 8 6, 
and sodium or potassium phosphate of lomc strength 0 2 and pH 7 7 Smce too 
high a protem concentration affects the analytical results m buffer of low lomtf 
strength (16j 66, 346, 336), the design of the optical ss^tem must conform to 
certam standards m order to obtam the best results This total standardization 
leads to a smgle end, the comparabihty of human plasma patterns For purposes 
other than the standard quantitative analysis of human serum or plasma, the 
mvestigator can adapt these conditions to produce optimum separation of the 
components which he wishes to study The enormous flexibihty of the electro- 
phoretic techmque should not be impaired by too ngid conventions, nor should 
sight be lost of the artificiahty of any such smgle set of conditions 

The mterpretation of the shadow diagrams must be guarded m certain respects 
Interaction between proteins and other proteins (36, 47, 139, 141, 168, 217, 354, 



ELECniOPHORESB 


027 


357, 3S0) or smaller ions (10, 17, 171, 183, 205, 230, 259, 201, 322) may produce 
anomalous results The changes occurring after prolonged standmg (10, 143, 
176, 187, 216, 279), freenng, drying, or denaturation (49, 65, 04, 102, 138, 140, 
141, 188, 248, 262, 309, 360, 367) are defined for some proteins and mixtures 
Moreover, the usual analytical method assumes the imifonn refractive increment 
of components These include hpoids and carbohydrates bound to serum pro- 
teins, and conversion factors are necessary in order to apply the data to mtrogen 
content (16, 48) The normal conversion factors may change under pathological 
conditions (16, 169, 386) 

In spite of these cnbeismB, the electrophorcho method gives an accurate, 
reproducible, and distmotive description of the plasma proteins, -which is not 
attained by any other available method (16, 60, 338, 364) It was long ago recog 

nited that the "saltmg-out” of protans yields only a limited analytical approach 
(37, 65, 88, 179, 219, 341, 349, 350, 371, 385) Ongmal globuhn precipitates 
studied by electrophoresis arc complex mixtures, and the separation of albuimn 
from globuhn requires several recrystnllisations Alcohols yield better separa- 
tions (44, 46, 264, 332), but require exact control of conditions 
^^The normal pattern of plasma has been established not only for man (10, 66, 
88, 95, 129, 143, 144, 166, 179, 210, 236, 246, 264, 272, 279, 301, 330, 341), but 
for a numbCT of animals (00, 136, 160, 168,218,276,297,330,338) Thearndyses 
■vary somewhat -with different buffers (218, 336, 338) but indicate a striking 
speaea variation in the number and distnbution of protein components The 
normal electrophoretic pattern of human plasma is comparatively simple, smee 
the separation of albumin, fibrinogen, and the three globuhns is quite complete. 
The nomenclature of Tisehus for these well-defined fractions becomes quite art! 
ficial when apphed to verv complex animal sera, such as those of the sheep, cat, 
and guinea pig, m which as many as ten peaks may appear (00) Arbitrary 
defimtion is certam to lead to contusion, and a surer method of descnption of 
such complex sera is by mobihty under defined conditions of buffer ions, iomo 
strength, pH, and protein concentration The buffers in which many of these 
sera have been exarmned were chosen by systematic trial for optimal separation 
of human serum Aloro satisfactory buffers may well bo found for individual 
amraal sera 

From reported analyses it appears that ungulates tend to hni e a lower propor- 
tion of albumin in plasma than rodents and primates (60, 218, 338) The horse 
has the lowest recorded proportion of albumin The plasma proteins of the 
rhesus monkey have n pattern closely resembhng the human pattern Birds 
show a rather characteristic mass of slower movmg globuhns, and the “beta 
globuhn disturbance,” fibrinogen, and “gamma-globulin” are poorly separated 
The hen and cock may show differences In serum proteins, while in mammals the 
scrum proteins show httle or no sex differentiation The carp has a pattern qmte 
different from the higher animals (60, 218) iVmmala show conadorablo varia- 
tions of protein distnbution between indinduals and breeds in addition to the 
species differences (218, 297, 298, 338) 

In developing chick and pig embryos, the plasma undergoes a gradual differen- 
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tiation from a simple to a more complex pattern (220) The carbohydrate content 
falls dunng the period of development, while the mtrogen content nses Albu- 
mm appears later than several components with the mobihty of glnb nhn (220) 
The blood proteins of the ruminant fetus are apparently qmte different from 
those of the human or rodent fetus The human fetus at birth has only a shghtly 
lower albu min and higher gamma ^obuhn than the adult man (144, 172, 279) 
The new-born calf, however, has almost no gamma-globuhn and httle beta- 
globuhn until colostrum is mgested, when there is a remarkable mcrease m these 
globulins and the associated antibodies (120, 274) Pedersen (241, 242) has 
found a characteristic serum globuhn which comprises a large part of the globuhn 
of the rummant fetus, but is found only in small amounts in the fetus of man or 
rabbit These differences are probably related to the less permeable placenta 
of the rummant After weamng, the young dog may develop a lower albumin, 
fibnnogen, and gamma-globuhn, and a higher alpha- and beta-globuhn than the 
adult dog (160) 

When quantitative analysis by electrophoresis was apphed to human plasma 
m disease, surveys mdicated such distmctive patterns as to arouse hopes for a 
wide apphcation m medical diagnosis Characteristic electrophoretic patterns 
have mdeed become recogmzed as virtually diagnostic of certain diseases, such 
as nephrosis and some types of myelomatosis More often, however, the picture 
has proved to be characteristic not of the specific disease but of the host’s reaction 
to infection or mjury The vanous changes are frequently proportional to the 
seventy of the physiological disturbance and may vary with the duration or stage 
of the disease, with nutntional factors, with loss of plasma protem, and witli the 
mvolvement of certam organs, such as the hver (88, 182, 218, 290) 

The common denommator of almost every pathological state is a relative or 
absolute decrease m the serum albumm The electrophoretic techmque demon- 
strates this change with greater sensitivity than the saltmg-out methods The 
reduction of serum albumm is often associated with two factors common to many 
diseases, — a deficiency of protem and a general reaction of the body to injury and 
infection (31, 81, 190, 244) When the concentration of serum albumm is sen- 
ously reduced, the concentration is stabilized by osmotic factors and by the re- 
moval of transfused albumm from the circulation (181) ElectrophoreticaUy 
homogeneous fractions, such as concentrated human serum albumm, can be effec- 
tively used to study such transfers of protem (181, 346, 347) 

The effects of malnutntion on the electrophoretic pattern of human plasma 
have not been adequately described To be sure, there seem to be as many 
possible types of malnutrition as types of disease, but very httle fundamental 
information of any sort is available Keys (134) found normal electrophoretic 
patterns m volunteers who showed great weight loss and edema on a diet charac- 
teristic of the recent European famme Patients with a history of prolonged 
alcoholism and multiple dietary deficiencies have developed mtractable hypo- 
protememia with a reduction of both serum albumm and globuhn (182), blit 
Himilnr changes have been observed in patients without obvious dietaryjj^cien- 
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cies (328) In one case, a very low concentration of gamma globulin has been 
observed to mcrenae after an adequate intake of protein (137) 

The plasma of doge on a diet deficient m protein with or without plasmaphe- 
resiB showe a considerable reduction in serum albumin (37, 384, 386) The 
globulins nro apparently increased, due to assooiated hpids, but the globulin 
mtrogenof plasma is not increased (386,388) The regeneration of albumin after 
depletion by diet and plasmapheresia takes a matter of weeks and is still incom 
plete when the tot^ plasma protein has returned to normal levels (384, 386) 
Pigs on a tryptophme-dcficient diet may develop a marked reduction in serum 
alb umin and in several globuhn fractions (30) 

Severe bodily mjury is followed by striking changes in the albumin and alpha- 
globuhn fractions of the plasma. Bums, freeimg, skm irritants, certain poisons, 
hemorrhage, fractures of bones, and myocardial infarction are followed by an 
mcreased alpha globuhn concentration (31, 81, 244, 301) The reduction of 
albumin may bo a measure of the seventy of injury and occuis carher than the 
increase in globuhn The close resemblance to the changes observed m acute, 
febrile infcotiona is unmistakable and suggests that this reaction of the proteins 
to mjury is related to adrenal stimulation and the protein-catabohc reaction, 
which appear m similar oroumstances 

The plasma globulins respond to infection in two distincti\ e patterns In the 
febnlo stage of on acute infection there is usually an increase of alpha-globulm 
to several times its normal concentration The usual reduction in scrum albu* 
mm makes the proportional rise of the alpha-globulm even more striking This 
change has been observed in pneumonia (106, 180), tonsilhtis (108, 190), scarlet 
fever (68), rheumatic fever (68, 106, 190), peritomtis (166), and infectious mono- 
nucleosis (42) An exception to the general aasoaation of acute febrile iHness 
with an mcreased alpha-globulm occurs m vivax malana (67, 06) The increased 
alpha-globulm may be related to the “C-rcactive protem” which appears m 
human serum m acute infections and which is found in the alpha-globulin 
fracbon (243) 

A later change m serum globuhn following virtually all types of infection is an 
increased concentrabon of the gamma fraction (42, 63, 07, 90 160, 180, 190, 

191, 208, 231, 272, 288, 290) The time-relationship of these changoe has been 
clearly demonstrated m a continuous study of the plasma durmg the course of 
scarlet fever and rheumatic fever (68) The increase m gamma-globulm is prob- 
ably correlated with the production of antibodies The new component may 
not have a mobihty identical with the normal fraction (03) In kala-asar, a 
fraction of unusually slow mobility appears in large amounts (61) 

In chronic infecUona of many types, there is a tendency for all globulins to 
become increased m a manner reminiscent of “hyperimmune” sera of animals 
(360) In many infections, fibrinogen is increased at an early stage along with 
alpha globuhn and may romam elevated if the disease persists (190) A recent 
survey of many cases of tuberculosis describes changes in the serum globuhns 
v*ymg with the stage of the disease (290) In minimal tuberculosis, gamma 
globuhn is elevated above the normal level Moderately advanced cases show 
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parallel increases m the alpha-2-globulm fraction and m the closely associated 
polysacchande of the serum In far advanced tuberculosis, all globuhn fractions 
are increased (287, 288, 290) The total protein of the serum usually remains 
normal in spite of a progressive fall m the albumm concentration (290) The 
stnkmg changes in the alpha-2-gIobuhn in tuberculosis have been variously 
thought to be associated mth a specific antibody to a fraction of tuberculin 
(286, 289), with a sensitization of the host (286), and with tissue destruction 
(290) A protective antibody agamst tuberculosis has been identified m gamma- 
globulm In sarcoidosis, the hyperprotememia is frequently due to a large in- 
crease m gamma-globuhn (74, 288, 290) The other ^obulins are usually more 
concentrated than normal, and the polysacchande associated -with the aIpha-2- 
globuhn IS mcreased, though not so much as in tuberculosis (290) Leprosy may 
produce large increases in alpha- and gamma-globuhn (288) In syphilis, a 
small increase in serum globuhn fractions, especially gamma (63, 231), is ob- 
served The antibody responsible for the Wassermann and Kahn tests for 
syphilis is concentrated in a fraction of gamma-globuhn (52, 53, 57, 231), but 
matenal giving a positive Hmton test has been found m another fraction (62) 
Anticomplementary activity is a normal property of gamma-globuhn, but is 
inhibited by other serum fractions (66, 235) ^e h 3 Tperglobuhnemia of l 3 mpho- 
pathia venereum involves all fractions (166) 

The common allergic diseases produce httle change in the distnbution of blood 
protems, although antibodies can be identified in the gamma-globuhn fraction 
(232) In the group of diffuse diseases of mesenchymal tissue which partake 
both of infection and allergy, the globuhns show well defined changes In acute 
rheumatic fever, there is an increase in alpha-globuhn, and probably a larger and 
more prolonged rise in gamma-globuhn than would have occurred m an imcom- 
phcated streptococcal infection (68, 166, 190, 272) Essentially the same changes 
are seen m rheumatoid arthntis, regre^ing toward normal m remission or recov- 
ery (175, 190, 246, 339, 373) The increased globulm observed regularly m 
dissemmated lupus erythematosus is found m the gamma-fraction (40, 190) 
Erythema nodosum is accompamed by increased alpha- and gamma-globulin 
and fibnnogen (190) 

The different stages of glomerular nephntis lead to characteristic changes in 
the plasma proteins In acute nephntis, albumin is reduced even more than 
indicated by the conventional saltmg-out methods (182) Gamma-globuhn is 
mcreased in both relative and actual concentration and may remam so for many 
weeks Alpha- and beta-globuhn concentrations are normal unless an active 
infection is present (182) The nephrotic stage is associated inth a profound 
reduction in the serum albumin and in gamma-globuhn, while the alpha- and 
beta-globuhns are increased (166, 169, 179, 190) The pattern is virtually diag- 
nostic of the disease A considerable part of the increase in alpha- and beta- 
globuhns IS due to hpoids associated with these fractions, which contribute more 
to the refractive increment than to the mtrogen content (16, 169) These frac- 
tions also have an appreciable solubihty at the hi^ salt concentrations used to 
precipitate “globuhn ” These properties result m unusually large discrepancies 
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between conventional and eleotrophoretio analyaea (179) The albunun of blood 
and unne m nephroaia differa from normal m ita electrophoretic behavior at pH 
4, presumably due to some change in formation, sinoe there is no mgmficant 
difference between the albumins of nephrotic serum and unne (178) In the 
terminal stage of glomerular nephnhs, the plasma ahoivs a moderate reduction 
of albumin, and usually some increase in the globulins and fibnnogen (179, 190) 

The urinary proteinB in nephnbs are identical m mobihty with the correspond- 
ing serum fractions (179) The relative proportions of the vanous fractions in 
the unne are determined by two faotora, the composition of the plasma and the 
permeabihty of the mjured nephrons In the presence of a constant renal lesion, 
it IS possible to modify the excretion of a fraction by ehangmg its concentration 
m the plasma A renal '‘clearance” of that fraction can be calculated which ap- 
pears to be independent of plasma concentration and unne flow over a hmited 
range (181, 182) Spontaneous changes In the plasma proteins are often reflected 
m the urinary proteins, which may also be affected by a changing renal lesion In 
the different stages of nephntis the permeabihty of the kidney vanes, especially 
to albunun, which is most readdy excreted In the nephrotic stage (169, 179, 181, 
182, 190) Pibnnogen and the Ilpoprotem complexes are only ahghtly excreted 
in any stage of the disease (169, 179, 181, 190) Albumin and alpha 1 globuhn 
thus dominate the urinary pattern m the early nephrobc stage, while the onset 
of the terminal phase may be heralded by an increased proportion of ^obulins 
in the unne (20) In amyloid nephrosis, the plasma may contain large amounts 
of gamma-globuhn which appears in considerable concentration in the unne, 
together with the other proteins of the serum (179) Other types of proteinuria 
show less distinotive patterns 

Disease of the hver is associated with characteristic changes in the plasma pro- 
tem In advanced portal cirrhosis there is a profound reduction of the serum 
albunun and a large mcrease In gamma-globulin, while the alpha- and beta 
^obnlins show smaller mcreases (88, 179, 180, 190) Injury to the hiar due to 
arsenic may produce similar changes, but bcta-globuhn may be more prominent 
(88) Infiltration by motaatatio carcinoma produces less stnkmg changes, with 
more reduction of albunun and less mcrease m gamma globuhn (88) Infectious 
hepatitis (catarrhal jaundice) is associated with a reduction in albunun and an 
mcrease m gamma-globuhn, often with smaller mcreases m alpha 2- and beta 
^obuhn (88, 191, 208) Obstruction of the bdo ducts resulting m jaundice 
produces litUe change in the protem pattern for a tune, but later the albunun 
may fall and beta-globuhn may increase, possibly as a result of secondary changes 
m the hver (88, 166, 884) 

Recently, there has been some interest m the signs of apparent hver disease 
which occur m malaria and infectious mononucleosis (42, 96) The smulanty of 
the protein patterns in many chrome infections and in Ever disease suggests that 
Ever dysfunction or injury may play a part in the production of these changes in 
infections, in addition to the more obnous merement of antibody to the gamma 
fraction. The colloidal gold and cephaHn flocculabon tests for liver disease de- 
pend on an increase in the gamma globulin fraction (86, 124, 208), as weE as a 
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decreased concentration and stabilizing power of the albumin fraction (208) 
Similar changes are found in malana (9fa) and may well be present m other infec- 
tions The sedimentation rate of human erythrocytes, often used as a measure 
of the activity of an infection or of necrosis of tissue, is not specific in its response 
to any single fraction of the globulins or fibrmogen (97, 190, 290, 301) and may 
also nse with the mcreased globuhns of hver disease and of other non-infectious 
ongms (190) 

Several diseases of the blood cells and of their precursors are followed by 
changes in the plasma proteins These changes are particularly difficult to evalu- 
atCi since certam secondary effects of Hie disease may play a rfile m the alterations 
of proteins The functions of the hematopoietic systems m the formation of 
plasma globulins (09, 127, 189, 378, 379) may be disturbed, and the hver may be 
mjured by anemia or infiltration Fever and malnutntion axe frequently 
encountered Perhaps , for these reasons, the changes observed in leukenua (166) , 
Hodgkm’s disease (328), and aplastic anemia (166) are not distinctive The 
proportions of the plasma proteins are not disturbed m hemophiha (147), but an 
anticoagulant and a lack of the normal coagulant have been found in the plasms 
proteins of hemophihacs (147, 224) The isoagglutinms of normal blood and 
certam pathological hemagglutuuns have been identified m characteristic protein 
fractions (263, 318) 

In multiple myeloma, the electrophoretic pattern of the plasma protem may be 
distinctive and sometunes virtually diagnostic of this tiunor Ultracentnfuga- 
tion may show changes even more unusual than those demonstrated by electro- 
phoresis (130, 196, 242) One of several types of protem mth the mobihty of a 
beta- or gamma-globulm may be present in the plasma, sometunes m large 
amounts (19, 95, 130, 166, 190, 212) The changes m the plasma are qmte 
different m individual cases, ranging from a normal pattern or a shght reduction 
m albumm to a stnkmg hyperprotememia due to the accumulation of the abnor- 
mal protem The urme may contain Bence-Jones protem of a mobihty similar 
to the abnormal component of plasma, or may be free of prptem despste the 
presence of large amounts of the pathological component in the plasma, or may 
contam considerable amounts of Bence-Jones protem which does not appear in 
detectable amoimts in the plasma When the abnormal component has the 
mobihty of a beta globuhn, its charactenstics in the blood and urme are similar, 
but when the component of the mobihty of gamma-globuhn appears m the 
plasma, the urmary protein is apparently different from the new component of 
the blood (212) There is some loss of the normal serum proteins m the unne m 
many cases 

A reduction m serum albumm accompames many tsTpes of tumor The alpha- 
2-globuhn and an associated polysacchande are increased in many cases of carci- 
noma (290) When the hver is mvolved, the gamma-fraction may become more 
promment (88, 290) In a similar way, the changes m other tumors may be 
more characteristic of the physiological changes than of the tumor itself (328) 
Infectious tumors of animals may cause changes in the plasma proteins In 
certam strains of rabbits infected with papilloma, the beta-globuhn fraction and 
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an associated lipoid are increased (298, 340) Fowl with leucosis show an in- 
crease in an abnormal component of the gamma fraction as early as three days 
after infection (276) Injection of hcnt-mactivated tumor produces a similar 
change which occuib later and is less stnkiEg 

Several diseases of the endocrine glands caure changes in the plasma proteins 
A reduction m serum albumm occure in diabetes (149), Addison’s disease (194, 
196), and both over and under function of the thyroid (148) Corrective treat- 
ment IB followed by a return of the concentration of albumin toward normal. 
Desoxycorticosterono acetate may not be as effective as whole adrenal extract 
in the correction of the depression of albumin m Addison's disease (196) The 
albumin may remam low despite conventional therapy when certain comphea- 
bons of diabetes (149, 278) and hyperthyroidism (148) are present leading to 
the suggestion of high protein diets under these circumstances The mcrease m 
beta-globuhn m diabetes (149, 290) and hypothyroidism (148) may be related to 
elevated blood hpids In man, the alpha-globulin is increased m hyperthyroid 
ism and decreased in hypothyroidism (148) A decreased albumin and mcreased 
alpha- and beta globulins ore observed m pregnancy (144, 172) The important 
rflle of the pituitary and adrenal glands m the formabon of plasma proteins has 
been discuaicd m conneebon with anbbodies The defect m the serum proteins 
caused by ablation of the hypophysia (168, 216) can be beat remedied by the in 
jection of pituitary adrenoccrbootrophlo hormone (160) Growth hormone may 
be quanbtabvely less effective (160) Removal of the thyroid gland in the rat 
(219) IB followed by a reduction of serum albumin, but the change in alpha- 
gjobuhn appears superfidally to be opposite to the change in human hypothy- 
roidism It may be pertinent that the aflSmty of hpoids for the various fractions 
of serum vanes from species to species (60, 218) The increased alpha-globuhn 
m the rat might be the equivalent of the increased beta globulin in human 
hypothyroidism 

The proteins of several body fluids have been studied in normai and pathologi 
cal conditions The lymph (244), serous effusions (32, 109, 180, 276, 288), joint 
fluids (111, 246), and cerobro-spinal fluid (123) resemble serum in their protein 
pattern, imlesa modified by a local inflammatory process The colloidal gold 
reaction, used clinically to estimate the protem distnbution m spinal fluid, is pro- 
duced by gamma-globuhn and inhibited by albumin (86, 124), as in the case of 
Bitnilar clinical tests on the blood The proteins of milb (312, 313), seminal 
plasma (84, 267, 268), pancreatic juice (226), and the fluids of the eye (110) have 
their own distinctive patterns 


CONCLUSIONS 

Electrophoresis offers a versatilo and accurate method for the study, separa- 
tion, and analysis of proteins Its applications to same biological and medical 
problems have been desenbed The method has aided m the separation of bio- 
logically important subetances from native mixtures 

Electrophoretic analysiB gives a distinctive picture of the comjmsition of tho 
proteins of the body Such analyses may reflect physiological and chemical 
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changes in the body The proteins of the plasma show characteristic patterns 
in a number of abnormal states Lake many other chermcal and physiological 
measurements in disease, electrophoretic analysis of the plasma can not be ex- 
pected to make a specific, etiological diagnosis, except in the gradually vanishing 
instance ivhen only one cause of the physiological disturbance is known Much 
more information is needed for the fundamental interpretation of the abnormal 
changes in the plasma proteW 
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PROBLEMS IN INVERTEBRATE ELECTROPHYBIOLOGy 
THEODORE HOLMES BULLOCK 
D$p<trtmeM of ZoologVt Vnifcrnty of Cal{fomta Lot Angeltt 

Many aspeote of the eleotrophymological study of invertebrate nervous syB- 
tems have been covered in recent reviews Thus, the useful articlea of Prosser 
(121) and Welsh and Bohallek (149) specifically deal with mvertebrates while 
those of Bishop (16) and Grundfest (64) include much recent work on these forms. 
Conduction and excitability in nerve are well treated by Curbs and Cole (46, see 
also Hodgkin and Rushton, 71) Wierama (163) has dealt with muscle physiol- 
ogy in invertebrates The rAIe of acetylcholine is discussed m Nachmansohn 
(100) and Gerard (66) Chemical excitabon of peripheral nerve is reviewed by 
Brink, Bronk and Larrabee (26) 

Recent advances m certam areas of invesbgabon have not, however, come to 
general attenbon The present paper undertakes to summanie the present state 
of knowledge in four of the important fields of appheation of eleetrophysiological 
methods the comparahve study of synaptic meohanisms, physiological neuron- 
ography — which has been apphed especially to giant nerve fiber systems, the 
phenomenon of spontaneous central acbvity and the identificabon and analysts 
of sensory structures In each case parboular attenbon is directed to problems 
and opportumbes for further mvesbgabon. 

Jxmclumal transmission As a result of recent work, the Bub3ect of compara 
bve synaptology promises particularly mtereating contnbubons to general 
neurtdogy Whereas the advantages of lower forms for the study of conduction 
lie in the apparent uniformity of the mechanism, much of the advantage for 
synaptology hes m the diversity of the manifestation of a perhaps common 
fundamental physicomhcrmoal process The diversity appears to rest on quanh- 
taUve differences in physiologio properbes and on differences m anatomical 
arrangement at the junebon 

Nerve nets Although electrical recording techmes have not yet been success- 
fully apphed to nerve nets, it appears appropnato to discuss briefly the status of 
our understanding of this important typo of nervous orgaiurabon The most 
primibve nervous systems known, those of the coelentemtes, have for long been 
regarded as asynapbo In order to explam local responses or subtotal response 
of any kind it was necessary to assume deoremental conduohon (Parker, 105), 
a phenomenon for which no independent evidence was cited and which was never 
successfully apphed to the explanabon of diversified behavior patterns m hi^er 
coelentcratea In 1936, as a result of the first modem phymologioal analysis of 
these systems, Panbn (103) offered on alternative explanabon depending on the 
existence of disconhnmbes m the nerve not which require fadlitabon by succcs 
sive impulses at cntJcal intervals Such nouro-neural junebons appear to be 
absent or permanently facflitated m extensive regions of the not, the specifio 
reacbona to stimuli dependmg on differenbated properbes of ncuro-myal June 

M3 
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tions in different muscles But neuro-neural junctions were foimd, ph3^ologi- 
cally, by the dependence on facihtation Junctions which depend greatly on 
facihtation are probably widespread among mvertebrates Though good evi- 
dence 18 at hand only for anthozoa and Crustacea (Pantm, 104, Wiersma, 163) 
suggestive evidence has led Pantm to mclude echmoderms and molluscs (104) 
and Botsford to add annehds (21) Pantm’s picture accords with available facts 
and explains observed responses m a satisfactory way (Pantm, 104, Bullock, 29) 
Anatomical evidence is notonously difficult to obtam and to rely on m this matter 
but the reports of discontmmty m the net (Bozler, 23, Woolard and Harpman, 
158) are generally given greater weight today than those (96, 105) of contmuity 
(66, 74, 33, 104, 121, 42) 

The importance of the question of the existence of s3mapses m the nerve net 
rests on the fact that if they are there, the well-known diffuse conduction m the 
net forces the acceptance of unpolanzed synapses, unless secondary assumptions 
of duphcate paths in every direction are to be made The balance of evidence 
today, although certainly not nilmg out contmmty m certam parts of the nerve 
net, mdicates that impolanzed synapses exist m the nerve nets of codenterates 
and probably enteropneusts and other groups (Bullock, 27, 28, 33) Nerve net 
m this usage becomes a physiological term denoting a diffuse locally autonomous 
plexus conductmg m all directions In the present state of knowledge the entities 

classically called nerve nets must be charactenzed in these terms since the exact 
anatomical status is unknown In any case, loose usage of the term to mclude 
simple plexuses of penpheral tenmnals of neurons whether the cyton is far away 
as m human skm (16, 91) or m the penphery as m insects, worms and possibly 
other forms (166) must be deplored, even if anastomoses between sensory fibers 
are found Unless evidence is available that the plexus can mediate responses 
locally, autonomously, is thus a distnbutmg as well as receiving path, and can 
conduct diffusely, it should not be called a nerve net 
It may be hoped that electncal recordmg techmcs will be apphed to these 
nervous systems When they are, crucial contnbutions to the question of their 
functional organization and to the general understandmg of common denomina- 
tors versus derived properties of nervous tissue may be expected 
Even more neglected by modem physiological techmcs are the synapses and 
neuro-myal junctions in the several phyla of animals possessmg ganghonated 
nervous s3^Btems simpler m orgamzation than those of articulates and molluscs 
Considermg the great advances m the evolution of nervous function between the 
lowest and the highest mvertebrates it would seem that efforts to analyze the 
properties of nervous umts m these mtermediate forms would be worth while 
"Typicdl” synapses xn arthropods Until recent months the only defimte 
central synapses m mvertebrates which had received careful study by the technics 
of electncal recordmg were those m the crayfish preparation of Prosser (111, 114, 
119) and the cockroach preparation of Pumphrey and Rawdon-Simth (125) 
Prosser’s preparation mcludes the first ssmapses m the propnoceptive and 
tactile pathways, m particular those between primary sensory cells in the tactile 
hairs of the tail and second order neurons in the last abdominal ganghon A 
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special advantage of this situation is the possibility of stimulating separately 
each of many sm^e presynaptio umta, penmttmg quantitativo study of spatial 
summation, ivlilch in these junotiona, in contrast to several others among the 
mvertebrates, is necessary for transmission Although the pathwaja are rela- 
tively fast, synapbo delay is long (2-8ins ) Transmission cannot foUovr above 
ten per second but famhtation is exhibited. After-disoharge of the post-synapbo 
umta IS not marked The preparation lends itself to the study of effects of ei 
temal agents and a variety of drugs and salts has been tested (119) TTie 
mtimate anatomy is stiU unknowm 

The synapse m the last abdominal gan^on of the cockroach between primary 
vibration receptor afferents from the cereal nerve and large ascending second 
order neumns (12S) presents an mteresting contrast. Spatial summation is 
behoved not to be necessary for the lowest threshold synapses in the rested state, 
but for all others (there are 13-16 second order fibers) supraminimal presynaptio 
volleys are necessary Delay is as short as that in any natural junction known, 
mcludmg central synapses of mammals (but excludmg the giant fiber septa of 
annehda and erustacea, whoso status la still unoertam, see below), i e , 0 6 ms. 
(Roeder et al , 138) The delay is much longer with weaker afferent volleys 
Transmission can follow up to 60/seo at hi^ mtensities of presynaptio stimula 
tion, lower frequencies under submaximal stimulation, without showing any 
effects of the successivo impulses At higher frequencies some post-fibers drop 
out and delay is Increased, althou^ the remainmg fibers continue to transmit 
in a one-to-one manner In this semi adapted condition facihtation occuis, as 
shown by recruitment of umta upon shortening the interval between stimuh 
After-discharge can be ehoited (133) Lowenstein (93) baa used time of abohtion 
of response to air puff stimulation in a method of bioassay of pyrothrum extracts, 
but it has not been established where, between receptor and second order axon, 
the compound acts Roeder et al (133) have used this preparation to study the 
effects of DFP, apparently the first teat of this important anbohohnesterase on 
single synapses Ho reports a high sansibvity with morease in excitability and 
after-discharge as the fiist signs of effect Later the synapses alternate between 
periods of complete block and periods of hyperacbvity Recovery from the 
DFP effect was not complete under the conditions used, but experience with this 
compound in other cases suggests that more acute experiments, using higher 
ooncentrabons for shorter periods, may produce more marked effects with com 
plete reversibihty (40) 

The properbes of these synapses correspond in general to the usual textbook 
desenpbon and there la no reason to doubt at present that they are representabve 
of most synapses in Invertebrates There exist, however, certam exceptional 
neurons in some of the higher invertebrates which display junctions of such char- 
acter that their status as synapses is even uncertam Special interest attaches 
to these cases and we may therefore turn to a brief review of the problem 

Annelid piont fiber dtteonlinmiies Stou^ in 1926 (143) described and illus- 
trated conspicuous septa across each of the three well known giant nerve fibers 
in the dorsum of the earthworm nerve cord The septa were shown to bo com 
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plete, oblique, simple partitions at segmental intervals The umt of giant fiber 
between each two septa has one or several appended cell bodies so that the giant 
sj^teih can be thought of as a cham of compound neurons Stough apphed the 
term macrosynapse to these large, simple geometrically impolanzed junctions 
Eccles, Gramt and Young (49) showed by electncal recording that they conduct 
equally well in both directions and at a speed which penmts essentially no tune 
to be ascribed to delay at each junction This has been confirmed (Rushton, 
139, 136, 138, Bullock, 31, 32) As yet no physiologic sign of the septa has been 
reported although it is to be anticipated that such conspicuous discontinuity and 
differentiation of the fibers will be found to leave some mark in the conduction 
properties 

The question whether they must be regarded as s 3 Tiapses depends in the first 
place on the reahty of the physiologic membrane and m the second upon the 
defimtion of synapse Experimental demonstration of a functional membrane 
has not been made But the considerable thickness of the histological membrane 
(143), the differentiation and interruption of neurofibnis (22, 142, 102, 32), and 
the presence of a clearly distinguishable doubly refractile layer contmuous with 
the myehn around the fiber (144) suggest that the bamer is real If this proves 
to be true the usual defimtion of a synapse as a region of functional contact 
between two discrete neuronal umta will apply and the properties of polanzation 
and delay, common to most synapses could not be regarded as definmg quahties 
Instead they might be regarded as the results of a special anatomical arrangement 
(McCulloch, 97) The question may be met by adoptmg a more restnctive 
defimtion of synapse as is done by Bishop (16) who imphes that a functional 
connection between discrete umts cannot be regarded as a synapse until it has 
been shown to act as a switch which imder natural conditions is not always closed 
The utihty of this cntenon m specific cases may be questioned 

Reasons for doubtmg the reahty of the membranes at the septa have been pre- 
sented by Schoepfle (141) The argument is that the potential detected m the 
conducting medium around a nerve or muscle as a propagated wave of surface 
negativity approaches, is imtially positive and immediately beyond the end of 
such a hnear element is not followed by any negativity Hence only an anelec- 
trotomc or depressing effect could be exerted on another element whose excitable 
part was confined to this region of the external field of the prefiber, i e , end-to-end 
junctions cannot be expected to transmit excitation but only inhibition The 
argument is cogent if the geometry of the actual case corresponds to that of the 
theoretical one treated A ngid analysis of the volume conductor problems 
involved with special reference to the expected effects of the obhque contacts 
(overlappmg and tapenng), in this case and other more complex forms found in 
other natural jimctions is much needed for the proper evaluation of Schoepfle's 
argument and for the extension to actual situations of the schemes upon wh ch 
Eccles has recently based a theory of synaptic transmission 

Eccles’ theory (47, 48) also throws doubt on the reahty of the septa ot the 
earthwonn as physiologic cell membranes According to this concept a signifi- 
cant delay IS theoretically necessary at any real junction, i e , one where a mem- 
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brane like that around the axon interrupts the path of conduction Apparently 
not all neurophymologists are ready to accept that this is demanded by the 
membrane theory for all possible junctions (personal commumcationa), but m 
any case it makes more important the preaso determination of the degree of 
physiological discontmuity represented by the septa of the earthworm giant 
fibers Conceivably they may provide a crucial test of Eccles’ statement. The 
significance m this connection of the extremely short delays, often 0 1 ms., at the 
artificial synapses formed by the out end of nerves or central tracts (Barron, 12, 
Renshaw and Therm an, 127, Gramt and Skoglund, 01), appears not to have been 
discussed They are not readily attributed to subterminal interaction, which 
would have to occur 10 to 20 mm. from the out surface In order to allow 0 6 ms 
for delay, but neither has such a mte been conclusively elumnated Proper 
experiments for a clear locahsabon of the synapse would seem to be practicable 

The septal system m the earthworm is not an isolated case. Among polychaetes 
giant fibers with cell bodies distributed along the length of the cord are common 
(00,66,64, 10) Septa have been described in only one form (143) but there have 
been no studies In which such reports mi^t bo expected smee the first discovery 
of septa by Stou^ It seems likely that many of the giant systems with distnb 
uted coll bodies will prove to have septa. One case is of special mterest since the 
available anatormcal information describes a typical synapse m each segment, 
with branching terminations of onp fiber endmg on the main stem of another 
(medial giant fiber pair of Nertu, Hamaker, 65) Yet conduction in these fibers 
and m all others tested m a recent study (16 species) is unpolanred and delays 
can be at most very short (36, 38) 

The lateral giant fibers of the crayfish (86) and prawn (72) ha\ e defimte septa 
and conduct both ways (Wiersma, 162, Prosser, 121) According to Wiersma 
(164) not more than 0 1 ms can bo attributed to delay at each 

A special problem is presented by the junctions between these lateral giant 
fibers Both in crayfish (Wiersma, 164) and earthworm (Rushton, 136) a con- 
siderable delay (0 8 ms ) is mtroduced when an impulse croeses from one lateral 
to the other There appears no reason to suppose the junction is polanied but 
it 13 easdy fatigued m the crayfish Rushton finds that in the earthworm im 
pulses m the laterals which are thus made out of phase by 0 8 ms somehow get 
into step if a sufficient length of fiber is available Can elcetrotonic interaction 
of the type of Katt and Schmitt (87) bo invoked — slowing down the loading or 
speedmg up the trailing impulse? 

Aritfiaal lynapse* Recently increased sigmficanoe has been placed on studies 
of so-called artificial synapses On the one hand thej haia been the only prepa 
rations available m which the properties of single junctions could be readily 
studied until Kufller obtained isolated nerve muscle junctions (88) On the 
other hand they offer the valuable opportumty of \Tuying the geometncal rela- 
tions at the junction These advantages have been best exploited in the work 
of Arvamtakl (8) on "ephapees” of sqmd giant fibers She demonstrated that 
the pro-fiber could leave the post-fiber m an excited state only when it was ar- 
ranged spatiallj in such a waj that the impulse ivas not conducted past the 
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junction, thus permitting anelectrotomc depression to terminate the action 
When the impulse m the pre-fiber stops soon after reaching the junction its fin s! 
action IS catelectrotomc and excitation takes place The behavior of the prepa- 
rations argues strongly for a purely electric^ transmitter action and accounts 
quantitatively for the observed delay There -would appear to be no reason 
why an appropnate geometric arrangement of -the elements could not pro-vide 
an ephapse conductmg in both directions, although this pomt was not tested 
The properties of this preparation were particularly important in the elaboration 
of Eccles’ (47, 48) picture of sjmaptic transmission 

Other artificial synapses which have been studied include the juxtaposed fibers 
of crab nerve (Arvamtaki, 7 , Jasper and Monmer, 84, Katz and Schmitt, 87), and 
vertebrate nerve prepared m various ways to measure the effects of active fibers 
upon inactive ones (Marazzi and Lorente de No, 95, Bishop, 14) A preparation 
of special mterest is the sjmapse formed at the cut end of nerve where impulses 
m fibers from the ventral root may be transrmtted to fibers of the dorsal root 
(Gramt and Skoglund, 61) to a degree depending on a complex of factors and with 
an apparent delay as short as 0 1 ms It may be expected that much of sigmfi- 
cance -will be learned as this tjrpe of preparation is studied -with respect to the 
local processes and to comparison of nerves with component fibers of diverse 
Iiroportions, excitabihty, accommodation and other properties 

Phenomena with probably the same basis have been observed m the central 
nervous system at the site of an interruption of the dorsal columns (12, 127) of 
the spmal cord A very short delay is present in these cases also 

Artificial synapses in general have still much to offer, especially for quantitative 
study of those factors in transmission which are pecuharly under the control of 
the mvestigator m such preparations They -will contmue to reward study even 
"though natural synapses permitting observation of the umt junctions are rapidly 
becommg available 

Preparations for study of umt junctions One of the most interestmg results of 
recent work on various mvertebrates has been the more or less incidental dis- 
covery of preparations permittmg, -with varying degrees of ease, the recordmg of 
activity of smgle synapses The followmg are now available for this purpose 
1 The junction of primary sensory neurons from tactile receptors and second 
order ascendmg neurons m the last abdominal ganghon of the crayfish 2 The 
similar synapse between cereal nerve afferents and giant central fibers m the last 
abdommal ganghon of the cockroach 3 The synapses between medial as well 
as lateral giant fibers and segmental giant motor fibers m each abdominal gan- 
ghon of the crayfish 4 That between the second order and third order giant 
fibers in the stellate ganghon of the sqmd 5 Smgle nerve-muscle junctions 
isolated by dissection It -will be ivorthwhile to note the possibihties and limi- 
tations of these preparations 

1 Prosser’s preparation has been mentioned above While well smted to 
measurements of overall transmission properties and to experiments on altered 
external conditions, this preparation "wiU probably not be convement for record- 
ing the local signs of activity at the junction Simultaneous activation of several 
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different ganglionic elements by each incoming impulse usually occurs, even 
though but one of these may be detected m the cord beyond the ganghon. 
Spontaneous firing of cells m the ganghon is contmually going on under good 
conditions 

2 Pumphrey and Eawdon-Smith’s preparation m the cookroaoh has many of 
the same advantages and' disadvantages The post-fibere being giant it may 
prove possible however to record local potentials relatively uncomplicated by 
small fiber activity, although the posaibiUty of local reflex response (not appeanng 
in the connective anteriorly) has not apparently been excluded The existence 
of through fibers which are activated along with those that stop in the ganghon 
may prove a comphcabon (but see 133) The pnnapa] limitations, however, are 
the difliculty of stimulating smgle pre-gangliomc umts and the difficulty of con- 
fining the post-synaptio response to the same single unit for the duration of an 
experiment. There are a number of giant fibers, recnutment is weli developed 
and the response at suprahminal stimulation is irregular 

3 Of quite a different character are the synapses m the crayfish between 
penultimate and final motor neurons of the giant system These have been 
shown by Wiersma (164) to offer umque advantages One asset, not yet fully 
exploited , IS that the anatomy of the synapse, relative to most non giant synapses, 
is quite accessible It has been described for the related form, Leander (Holmes 
72, see also Johnson, 86, on Canibantt) The four pre-fibers can be activated 
separately or in any combination, and in the root of the third penpheral nerve 
fr^ each ganglion activify of a single post-fiber may be recorded. Some of the 
summation properties, the delay (0 7-1 0 ms ) and the fact of irreciprocal trans 
mission have been reported but the possibihties for local response recording have 
not been explored The cuoumstances are not ideal for single umt analysia 
owmg to the presence of other junctions between the same pre-fibers and motor 
fibers of the first and second nerves 

4 The giant synapse m the stellato gan^on of the squid comes closer to the 
ideal for umt junction analysis The intunate anatomj has been elegantly 
worked out by Young (182) A preluninary report of the phjsiologio properties 
has been published (Bullock, 37) There are two giant pre-fiboia, whose synapses 
upon the post-fiber differ, and it is easy to stimulate one of these alone, although 
the other has not yet been so stimulated A smgle post-fiber occurs m each of the 
stellar nerves and both pre- and poet-fibers are of large diameter right up to the 
synapse The fibers are m contact for nearly a millimeter Leading directly 
from the ganglion, the local synaptic potential as well as both pre- and post-spikes 
are readily recorded 

Summation is not necessary, every presynaptio impulse is transmitted up to at 
least 300 per second The delay la 1,2 ms in a fresh preparation bnt can bo 
doubled by fatigue Transmission is polanied Fatigue is readily brought on 
and maintained by stimnlation at moderate frequenaes, jiermitting study of the 
local responso alone, while recovery and return of the spike can be reduced at 
any time by reducing the frequency Hntransmitted imjmlses are thus seen to 
continue to exert an effect, preserving fatigue of the junction, apjiarcntly by 
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acting on the postsynaptic lunt Under such fatigue facihtation can be dem- 
onstrated Eefractory period of the local response may be absolute for a milh- 
second after which a response occurs but ivith an amphtude proportional to the 
mterval, up to 2 or 3 ms or more ^ The synaptic potential when not intentionally 
depressed is estimated to nse at least three times higher than the threshold value 
for imtiataon of the propagated impulse Its latency is not necessarily increased 
with fatigue but the height is reduced The general picture forms an mterestmg 
companson and contrast wth the well-known work of Eccles (see 48 for refer- 
ences) on the synaptic potential recorded from many semi-synchromzed synapses 
m the mammahan sympathetic ganghon It is also very reminiscent of the 
artificial synapse of Arvamtaki (8) and the single neuro-myal junction of 
Kuffler (88) 

6 The well-known work of Pantm (104 et ante) and Wiersma and van Harre- 
veld (163 et ante) on the remarkable nerve-muscle relations m Crustacea is bemg 
extended by study of the local events at the junction (Kuffler and Khtz, 89, 86) 
Although it has apparently not been possible to isolate a smgle jimction as was 
done in frog muscle, these authors are able to show the basis for the great de- 
pendence on facihtation A smgle impulse arriving over an excitatory nerve 
fiber ehcits only a small, non-propagated response comparable to the endplate 
potential descnbed earher m vertebrates This local response grows with suc- 
cessive impulses at suitable frequencies (facihtation) and mechamcal contraction 
accompames it Thus non-propagated, graded mechamcal contraction is clearly 
demonstrated, m essentially mtacthmbs, as a normal mechanism, just as Wiersma 
(163) had predicted Above a certain threshold of frequency propagated re- 
sponses are said to occur Confimung Wiersma and van Harreveld it is shown 
that unpulses amvmg over inhibitory nerve fibers can abolish both contraction 
and local potential produced by excitatory impulses How this occurs can not 
yet be surmised but that it occurs subsequent to the action of the transnutter on 
the post-junctional membrane is mdicated by the fact that fambtation contmues 
durmg a penod of inhibition, the response when inhibitor activity ceases imme- 
diately nsmg to the degree expected if no such penod had supervened The 
results do not offer any obvious aid m choosmg between electncal and chenucal 
transmitters, bemg compatible with either assumption Further observations 
of this kmd, particularly extensions of the techmc to other muscles and other 
invertebrate groups will certainly repay effort 

Physiologtcal neuronography Dusser de Barenne (98) apphed this term to the 
techmc of mappmg neuronal connections by foUowmg strychiime-mduced spikes 
through the bram It is equally appropnate for any techmc designed to reveal 
mtunate anatomy or functional orgamzation by tracmg electncal signs of nervous 
activity This apphcation of the methods of electrophysiology represents one of 
the most frmtful duections of mvestigation available to the comparative neurolo- 
gist Although well developed m vertebrate neurology, it has only begun to be 
exploited among mvertebrates 

^ In fresher preparations refractonnesa of the local response may be absent at all inter- 
vals down to 0 2 ms , the shortest tested Summation becomes prominent m these oases 
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Prosser’s (111) analysis ot the pathways open to afferent volleys initiated in 
vnnous parts of the crayfish is an excellent example of this approach, showing as 
it does many facts about functional neuroanatomy which would be impossible or 
extremely difficult to demonstrate by histological methods Thus it was possible 
to specify that certain lands of impulses, traveling in a given direction and result- 
mg from a given type of stimulation, cross m the cord and others do not The 
proper evaluation of the relations found largely awaits similar studies on related 
forms. The same author (113) mapped the area innervated by peripheral nerves 
m the earthworm, oharaotansed the impulses ehoited by vanous forms of stimula 
tion and obtained evidence against the existence of a nerve net m the skin. 
Pnngje (108) analysed m a very successful way the reflex mechanism of the 
Insect leg \ 

But virtually all other effort m this direction has concerned itself with the 
giant fiber systems found in widespread groups of both invertebrates and verte- 
brates This IS largely due to their technical accessibihty, especmlly to electrical 
recording apparatus The action potential m these fibers is so large that rm 
pulses m sm^ fibeis are easily recorded without elaborate dissection, indeed, in 
many cases from the extemai surface of the mtact animal (139, 32, 35, 38) By 
tracing these impulses it la possible to reveal anatomical information such as the 
number of independent umts, their extent (whether throu^^mnduction or only 
short pathways), their anastomoses, contribution to pcnpheral nerves, connec- 
tions with sensory and motor neurons and junobonal properties 

Annelida The fiiat giant system from which action potentials were recorded 
was that in the earthworm Eccles, Granit and Young (49), in a short note, 
reported that impulses were conducted in both directions and at a rather hif^ 
speed Earlier workers had concluded that the median fiber conducted posten- 
orly and the laterals antenorly Rushton (136, 138) and Bullock (31, 32) 
confirmed and extended these newer results It Was pointed out that the scg 
mental septa which Stou^ (143) had shown to divide the fibers completely 
almost ten times every centimeter must not delay the impulse sigmficantly The 
problem of interpreting the septa is discussed above under “Junctional transmis 
non ’’ The earlier observations suggestmg polnnsod conduction were explained 
by findmg a topographic hmitaticm of sensory connections to the giant fibers 
The anatomically reported anastomosis between lateral fibers could bo confirmed 
electrically Motor connections have not been worked out but it is indicated 
that the three central giant fibers are probably not themselves efferent, that they 
ehcit different muscular responses comprising the startle or withdrawal reflexes 
to stimuh apphed to different parts of the body, and that the boundary between 
these regions must shift under different physiologio conditions (137) 

Amassian and Floyd (6) describe repetitive firing of these fibers under certain 
conditions of galvamo stimulation. 

The general features of the giant system are quite uniform among vanous 
oligochaetcs but old anatomical ovidonco suggests that m the polychaetes a 
diversity of plan is to be found This has begun to be exploited in recent studies 
(Bullock, 36, 38, Nicd and Young, 101) Many famUies of this large and divcrai- 



652 


THEODORE HOLMES BULLOCK 


fied group lack giant fibers while others possess apparently fixed patterns consist- 
ing of from one unit to several dozen umts These may be compound or the proc- 
ess of a smgle cell, entirely central or efferent, long through-conduction palhs or 
short, indeiiendent umts, connected to sensory neurons throughout the body or 
only in restncted regions All the through-conduction central fibers conduct 
both ways and agree m mediatmg a withdrawal response to startle stimuh 
Giant fibers occur from less than 10 to more than 760 micra m diameter, apparent 
overall conduction rates, assummg no delays, fall m the range 1-10 m/s 

Arthropoda Giant fiber systems m crustaceans, anatomically known from 
the accounts of Johnson (85), Lowe (92), and flohnes (72), have also been mves- 
tigated physiologically only recently Wiersma (162) reported unpolanzed 
conduction and a certam pattern of mterrelations betw^n medial and lateral 
fibers as regards summation of effect on abdommal musculature m crayfish 
Holmes, Pumphrey and Young (73) used these fibers m prawns to study conduc- 
tion velocity as a function of fiber structure Prosser and Altschule (121) report 
confirmation of Wiersma’s general findmgs The first extended account of a 
functional analysis of the crustacean giant system appeared m Wiersma’s recent 
(164) report He shows that the four distmct giant fibers all act on the same 
effectors, presumably through the same final motor neurons N o evidence is yet 
available of the difference in function between lateral and medial giants Sensory 
connections are not known As m the earthworm, the lateral fibers are connected 
together, but m the crayfish the connection is apparently synaptic, not anasto- 
motic as has been assumed for the earthworm Several mterestmg types of 
junctions between umts of the system are discussed imder “Junctional trans- 
mission ” 

The only studies on a comparable system m other arthropods are those of 
Pumphrey and Rawdon-Smith (125) and Roeder et al (133) on the second order 
neurons m the auditory pathway from cereal receptors of the cockroach These 
fibers ascend from the last abdominal ganghon, as through-conduction paths 
Because of their high velocity and large diameter these authors use the term giant 
fibers but it may be questioned whether this is appropnate In all other cases 
where the term is used a conspicuous discontmmty m size between the fibers m 
question and the next largest is recogmzable It is thus not used for the largest 
fibers in mammals though these are larger than some defimte giant fibers m poly- 
chaetes, enteropneusts and others Available evidence suggests that the large 
fibers m the cockroach as m other insects are the extremes of a contmuous size 
spectrum Nevertheless they permit recordmg and tracmg of impulses and offer 
favorable opportumties for analysis of insect central nervous orgamzation The 
experiments of Pumphrey and Rawdon-Smith deal chiefly with the synapses m 
the last abdommal ganghon (see “Jimctional transmission”) 

MoUusca Until recently the only giant nerve fibers recogmzed in molluscs 
were those of decapods, although many early anatomists called attention to 
^enormous nerve cells in vanous gastropods Arvamtaki and Cardot have re- 
ported that the common snail Helix and the marine slug Aplysia display giant 
fibers in the mterganghomc connectives (9, 41) Although an adequate desenp- 
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tive account of the anatomy is not given, a technic of extruding the cell bodiea 
through their tube-like giant processea la presented The chief mterest of these 
authors has been the possibility of recording cell body potentinls m isolated neu 
ron Bomata. The potentials recorded in the connectives are remarkably long 
lasting (40 ms ) and slowly oonduotod (1 m/s) On present evidence it is difficult 
to onent the Situation m these forms m terms of more famihar groups Further 
elucidation of the gastropod plan of giant neurons will bo awmted with mterest 

The plan in decapods is at least as well known as that m any group, as a result 
of the anatomical work of Young (162) But, although the third order giant 
fiber from the sqmd has been the most studied giant preparation, as yet virtually 
no physiologic study has been made of the central organisation of the system 
The experunents of Young (161) on conduction through the stellate ganglion In 
the absence of cell bodies and of Bullock (37) on the properties of the synapse 
between second and third order giant fibers, in the same ganghon, are the only 
exceptions The penpheral orgamtation has been studied by Prosser and Young 
(123) and Pumphrey and Yoimg (126) who have shown the neuromuscular 
relations and the significance of conduction velocity 

On the rrfiole, the mvestigationa made thus far upon giant fiber systems have 
been almost entirely exploratory The preparations thus made available offer 
great opportrmities for future work both upon functional orgamiation at the level 
of comparative physiology and upon fundamental properties of units at the gen- 
eral physiologio leveh Still other preparations are possible as wclh Giant 
systems are known m many groups, even as low as the enteropneusts (30, 33) 
r^oee nervous system is very primitive The high speed conduction tract in 
the mesentenes of anthosoans {CaUiaeht, Pantin, 103), overlapping as they do 
the lowest conduction rates observed m known giant fibers of polychaetes (38) 
suggest that posdbly something very like a giant system is present already In the 
lowest phylum havmg a differentiated nervous system Forms such as the 
stomatopod, SgittUa, would seem to offer favorable droumstancos for special 
studies, owing to large size and transparency of exoakeleton over the nerve cord, 
they have been folmd to possess good giant spikes (Bullock, unpub ) The need 
of further work on the giants of lower vertebrates (Mauthner and MQUer fibers) 
may also be mentioned. These cla-saical objects of anatomical study, source of 
some of our best cytologio knowledge of the vertebrate synapse, have only rc- 
edved their first electrophysiologio study (68) Of all giant systems least is 
known concerning the function in these vertebrate ones, much studied as they 
have been by experimental ombryologio methods It would seem that much of 
mterest could be learned by reoordmg from the fibers in hfe under conditions of 
physiologio, as well as direct, stimulation, but the necessity of findingparticularly 
favorable species must bo emphaaijed 

SponUmtma Central AcHvUif As is well known from the work of Adrian (1,2), 
Rijlant (128), Prosser (109, 116), Bonnot and Bremer (19), Bonnet (17, 18), 
Boeder (184, 131), activity occurs m the central nervous system of arthropods 
in the absence of apparent sfamulation This has been extended to annehds 
(62, 63, 99, 34) and moUuscs (26, 34) but as yet to no other groups besides \ erto- 
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brates This last does not mean other groups have been found to lack such 
activity Spontaneous activity has been found m every a nim al smtably tested 
Like that m vertebrates, it is not fundamentally altered by deafferentation and 
persists in isolated gangha or pieces thereof for long penods under conditions 
which need not be regarded as abnormal or excitatory The consistent finding is 
stnkmg that the general pattern of activity is much the same m the mtact and 
probably excited animal, the mtact and probably unexcited animal and the 
isolated gangha after frank mjury discharge ceases 

Interest in this type of nervous function has centered around certam problems 

1, spontaneity as a general phenomenon and its relation to rhythmic pacemakers, 

2, the influence of environmental agents, 3, the beanng of such activity m mver- 
tebrates upon the mterpretation of bram waves as seen m man, and 4, the 
sigmficance of special types of pattern such as “visual rhy thms ” 

Studies on the first of these have been thus far largely descnptive and have 
demonstrated the widespread occurrence of the phenomenon It is present in 
the qmescent moth pupa (34) dunng a time when many of the neurons are dedif- 
ferentiating, others differentiatmg m a general reorgamzation of connections, 
sensory and motor functions are at a low ebb, appendages are absent and the 
musculature is largely dedifferentiated It is apparent m small fragments of 
isolated gangha, as in the cardiac gan^on of Limvlvs (6, 39) Even some 
penpheral sensory neurons exhibit spontaneous discharge (69, 94, 140, 53) But 
it IS absent m many neurons under normal conditions, for example, giant neurons 
of earthworm, crayfish and squid Experimental analysis has begun, with the 
study of agents which can alter the pace or imtiate it m mactive cells and fibers 
(electncal polanzation, 11, 50, 7, 39, oxidative control, 122, ions, 117, 118, 120, 
131, temperature, 112, drugs, 20, 134, general, 50, 18, 24) Details cannot be given 
here but it is apparent that many factors contnbute to the determmation of 
frequency of a pacemaker and that under appropnate conditions any neuron 
can be made to discharge rhythnucally m the presence of a steady state environ- 
ment, m the manner of a relaxation oscillator It is therefore a question of the 
individual properties of the neuron, its thresholds and time constants, whether 
and how active it will be under particular “normal” conditions The phenome- 
non of spontaneity is, of course, not thereby explained but the quantitative 
defimtion of the difference between spontaneously active and inactive neurons 
IS begun 

The relation of mvertebrate manifestations of spontaneity to the mterpretation 
of vertebrate bram waves has been discussed elsewhere (34) It was pomted out 
that comparative studies reveal a high degree of uniformity m the general pattern, 
especially the general position of the fiequency spectrum of bram waves m all 
vertebrates The unifonmty is such that the smooth, slow (chiefly 1-30 per sec ) 
character of the activity obtains alike (though not without some significant differ- 
ences) for mtact human bram, deafferented cortex, isolated basal gangha, the 
non-corticated frog bram and isolated fragments of the frog olfactory lobe as 
small as 0 1 mgm “This, together with other evidence, suggests that bram 
waves should be looked upon not as a sign of the higher aspects of nervous activ- 
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ity but BB a refleoticin of some basic, primitive common denominator of the brain 
of frogs and men ” It is this general agreement in character among vertebrates 
that gives significance to the comparison with invertebrates, for a similar agree- 
ment exisfa among them, but the common pattern of invertebrates is stnkingly 
different from that of vertebrates. Tie former are oharactemed by fast, spilcey 
activity, many spikes having the time relations of single axon action currents and 
the dominant frequency bemg probably twenty times that of vertebrates Dis- 
cussion of the evidence leads to the conclusions that the prommence of spikes in 
one group and their virtual absence in the other is not readily attnbuted to sue, 
or to complexity or synchromsatlon, that slow waves comparable to vertebrate 
bram waves are present m many Invertebrate gan^ia (17, 18) and that both 
here and m vertebrate bram waves they are probably not explained as a resultant 
of impulse action currents but rather as a separate form of neuronal activity — a 
alowly oecillatang change of state or beating (Gerard, 66) of masses of nerve cells 
in unison. In support of the last are such facts as these the alow and spikey 
components m an insect bram can be altered by environmental agents aeparately, 
each can exist in the virtual absence of the other, m rhythmically diaohargmg 
ganglia like the cardiac ganghon of Ltmulua, each discharge not only includes 
both components but the alow waves may initiate the discharge, preceding the 
first ^iko. Further evidence, mcluding alow wave propagation m the absence 
of synaptio pathwaya, has been presented by Gerard (66) from studies on verte- 
brates and discussed m Bullock (34) The farreachmg imphesbons of the 
assumption that neurons can affect each other by means distinct from classical 
impulses in synaptic pathways are obvious (see Bremer, 24) It seems apparent 
that the comparativo approach to bram waves and spontaneous activity generally 
has mgmficant contributions to make to the basic understanding of these aspects 
of neural function 

An important special case of slow activity has been extensively studied (Adrian, 
3, 4,Crescitelh,46, Jahn, Wulff, 80,Bernhnrd, 13) m the insect Here rhythmic 
potentials occur which are not strictly spontaneous in that they are related to 
visual stimulation, even thou^ they often occur for conaderablo periods after 
stimulation has ceased. Much woric has gone into the descnptivo analysis of 
the visual rhythms and the localisation of the activity but as yet httle work has 
been directed toward the problem of their basic nature If their strong resem- 
blance to vertebrate bram waves is more than auperfidal, as seems likely, they 
should represent useful matenal for experiments on the meaning of brain waves. 
Adrian (4) evidently regarded the oscillatory potential of the insect visual system 
as a composite of impulso discharges, but evidence has been cited (34 and below, 
p 667) that although spikes may be synchronized with acertam phase of the slow 
waves the latter cannot be explamed as an envelope or resultant of nothing but 
impulse spikes 

Seme Orgam As has been abundantly demonstrated m vertebrate physiol 
ogy, one of the most successful appheabons of electrophysiologio methods is in 
the identrficatron and characterization of sensory structures. Examples of this 
approach on invertebrate material servo to emphasize its possibihtles. Althou^ 
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some of these cases have been reviewed elsewhere, it seems desirable to bring 
them together with more recent ones to imderhne the opportunities for further 
work. 

Prosser (110) discovered by action current recordmg the presence of a primitive 
photoreceptor system m the last abdoimnal ganghon of the crayfidi The 
properties of such cells are of great mterest as they are apparently still undiffer- 
entiated anatomically from ordinary nerve cells (Welsh, 148) There are evi- 
dently only a few imits but they can play a sigmficant r61e m the activity of the 
animal deprived of eyes (148) Latency is long, maximum response is attamed 
only after some seconds and may even occur after the hght is turned off, adapta- 
tion occurs but shghtly and slowly, activity contmues for some seconds after the 
stimulus IS removed This preparation is well worth further attention 

Other prumtive hght receptors have been studied m the pelecj^iods Harthne 
(68) found that one group of cells in the eye of the scallop responds, much like a 
large group of the elements of the vertebrate eye, with a burst of impulses at the 
“on,” reaching highest frequency almost immediately (m contrast to the caudal 
photoreceptor of crayhsh) and adaptmg greatly, ceasmg promptly at “off”— 
with rarely an after discharge Another group of cells also beheved to be primary 
sense cells are “off”-respondmg like another large group of elements m the verte- 
brate eye — sdent durmg lUummation and finng at its cessation or reduction, to 
a degree dependent on the degree of dlununation, suppressed promptly by reillu- 
mination, and often synchromssed mto rhythmic bursts An especially notable 
feature of these two types of elements m the scallop eye is that they are anatomi- 
cally separate and send their axons through separate nerves Pidron and Segal 
(106) recorded slow waves and nerve action currents attributable to the scattered 
photoreceptors m the skm of the siphons of the clam Mya On and off respond- 
mg systems had distmct properties 

More advanced h^t receptors, fomung well developed eyes, have been studied 
surpnsmgjy httle considenng the elegance of the technics and the accessibihty 
of the structures Analysis of properties of umts especially has lagged The 
classical work of Harthne and his collaborators (67, 70, 69 et ante) on the smgle 
umts m Limtdtts still stands umque A pomt of special mterest m one of the most 
recent contributions of this group (167) has not received the attention it deserves 
Although off receptors are said to be absent from the Inmtdus eye, an off response 
IS found m the ganghon where the primary sense cells ssmapse with second order 
neurons The off response is as readily ehated by artificial stimulation of the 
nerve carrymg the primary afiferents as by photic stimulation of the eye upon 
cessation of the afferent volley to the ganghon certam neurons therem discharge 
This phenomenon has been heretofore associated with receptor elements only, 
the possibihty that it may be a normal mechanism of central synaptic activation 
is not an accepted part of current neurophysiologic teachmg Studies directed 
toward the questions (a) is this m fact a generally used central excitatory mechan- 
ism? and (b) how can it be understood on any of the existing theones of synaptic 
transmission? are urgently needed, 

A considerable body of work has accumulated deahng with the large slow po- 
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tentials associated with the lUumination of photoreceptor elements m insects and 
cophalopodfl These “retinal” patentiais resemble m general the responses in 
vertebrate eyes and m some forma direct identification of waves with those of 
vertebrates appears possible (146) In other cases agreement has not been 
reached on the component waves even m closely related animals (13, 146) 
Analysis of the waves has ied to the assignment of some to the optic ganglion 
and others to the receptors alone (80, 13) It has shown how the pattern vanes 
with intensity and the state of adaptation (75, 43, 169, 67), with a remaitable 
diurnal rhythm in sensitivity (77, 79, 82, 169) and with temperature (81) In 
spite of the considerable effort, we are still much in need of comprehensive ana 
lybcal work towards the definition of common denominators And thus far the 
electneal events have not been successfully identified with any chemical or 
excitatory processes Significant relations with nerve impulses are indicated, 
however, m the facts (1) that certam of the alow waves always begm before nerve 
fiber spikes appear, as is true m vertebrates (Adrian, 2, Bullock, unpublished 
observations), (2) at a certam phase of the alow "off” deflection all spike activity, 
oven the spontaneous fracUon, may be inhibited (Bernhard, 13) and (3) spike 
activity during illumination tends to be grouped mto bursts m phase with the 
rhythmic oscillatory slow waves (4, 13, 36) 

The distinction ^tween tivo groups of fibers in the penpheral nerves of the 
earthworm, whose end organs are sensitive to two different kinds of stimulation 
(113), represents one of the most primitive cases of differentiated sensory stnic 
tures physiologioally recognised It may bo hoped that the method will be 
apphed at even lower ph 3 relogenetac levels These findmgs doubtless represent 
the lowest known propnoceptors Theu: properties and the possible occurrence 
of stretch receptors in other forms, Includmg nemerteans and polychaetes, should 
be examined with special reference to the unique degree of extensibility, both 
active and passive, in these animals 

Propnoceptors have been identified elsewhere among invertebrates only m 
insects As a result of the work of Pnn^o (107) special receptors m the cook 
roach can bo designated as position sense organs though they are also receptive 
of other mechamcal stunuh They are of special interest because of their mech 
anism and properties and because of a peculiar importance m DDT poisomng 
Prmgle has recogmied two kinds, campamform sensllla and hair aensilla. Each 
18 distributed in specific patterns on the appendages and body, strategically 
located to detect stresses in the exoskeleton and movement of folds in inter 
segmental membranes, respectively 

The campamform sensilla appear to bo specifically sensltivo to compresaivo 
forces in the cuticle and each end organ, indeed each group of sensilla is oriented 
so as to detect only components along a certain axis Their properties are similar 
to some types of vertebrate proprioceptors but a difference of probably broad 
significance is that they respond not to tension m individual muscles but to the 
mtegrated result of several muscles, the force of gravity and the position of the 
member m relation to the force Hero is yet another case of the peripheral 
integration seen m so many mvertobrato sensory and motor relations A point 
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of anatomical mterest is the strong prohabihty that the nerve fibers from several 
end organs jom to form a smgle afferent fiber m the penpheral nerve — as is bkely 
also m annehds where many more primary sense cells than fibers m the segments 
nerves are found (113) It should be emphasized that there are probably many 
other receptors actmg as propnoceptors, for the anatomy of insects is such that 
most mechano-receptors (tactile hairs, chordotonal organs, etc ) must respond 
to touch, pressure, muscle tension, gravity and movement, rarely bemg able to 
distmguish one form of stimulus from others (see Wigglesworth, 165) 

Roeder (132) and Roeder and Weiant (136) have shown these structures to he 
especially susceptible to DDT and probably the first organs to respond to this 
poison, although no defimte relation between its action on these receptors and 
its lethahty can be stated In great dilution DDT evokes prolonged trains of 
impulses m the nerve fibers from the propnoceptors, bombardmg the central 
nervous system with an mtensity that might well explain some of the observed 
motor effects (147) 

Sound receptors have been studied electncally m insects by Wever et al (161, 
160) and Pumphrey and Rawdon-Smith (124), whose work is reviewed by 
T^g^esworth (166) 

Among the more conspicuous opportumties m the area of sensory ph3^ology 
the foUowmg may be mentioned confirmation and charactenzation of the gyro- 
scopic organs of equdibnum m the halteres of dipterans and others (Wiggles- 
worth, 166), demonstration of the distmctness, or lack of it, of receptors for spe- 
cial forms of stimuh — ^thus, touch and pressure, pressure and muscle tension, heat 
and cold, nociceptive and heat or cold, etc (Fnngs, 62), subdivisions of the 
chemical sense (51, 166), smgle umt analysis of photoreceptors for the direct 
demonstration of color reception m insects and others — ^in the manner of Gramt’s 


already classical work on vertebrates (see 60) 

If any general conclusions are to be drawn from the group of studies here cited 
they would certainly emphasize anew the pregnancy of the comparative approach 


both for providmg leads, clues and perspectives of value m ^ctly mammahan 
neurophysiology and for providmg matenal umquely smted to many fundamental 
experiments m general neurology Thus far work m this area has gone httle 


beyond exploration, the prmcipal opportumties are still ahead 
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